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THE rate of discovery of new ore reserves in this country is a matter of great 
concern, not only to the professional economic geologist and mining engineer, 
but also to a large number of thoughtful citizens. Many of these individuals 
have feared that if we were not eventually to suffer a lowered standard of liv- 
ing, some prompt political and economic action would be required, to offset 
what is believed by them to be a serious decline in the rate of discovery. This 
lowered rate of discovery, whether it be fancied or real, together with the ob- 
vious fact that a mineral deposit is a wasting asset which, once mined, cannot 
be replaced, has resulted in many quarters in the acceptance of the opinion 
that the United States is becoming a “have not” nation. 

Economic geologists have been active in questioning this extreme view. In 
recent years, Wrather,' Joralemon,? Lasky,® Gray,* and Wisser,® among others, 
have pointed out the possibilities of additional discoveries of ore, and have ex- 
pressed confidence, in varying degrees and for various reasons, in our abilities 
to maintain approximately the current rates of mineral production for some time 
into the future. I believe this optimism on the part of those who should be best 
qualified to judge is both significant and justified. In the following pages, I 
hope to present some evidence that seems to me to provide a compelling basis 

* Presidential Address, Society of Economic Geologists, delivered at the El Paso meeting, 
November 1949. Published by permission of the Director, U. S. Geological Survey. 

1 Wrather, W. E., Mineral resources and resourcefulness: Address at annual meeting Colo- 
rado Mining Association, Denver, Colorado, January 25, 1946. Wrather, W. E., Outlook for 
future discovery—North and South America: Address at the United Nations Scientific Confer- 
ence on the Conservation and Utilization of Resources, Lake Success, N. Y., August 31, 1949. 

2 Joralemon, Ira B., Geology of the new mines: Mining and Metallurgy, vol. 29, no. 496, pp. 
226-232, April 1948. 

8 Lasky, S. G., The search for concealed deposits—a reorientation of philosophy: Am. Inst. 
Min. Met. Eng. Tech. Pub. no. 2146, May 1947. 

4 Gray, Anton, Possibilities and costs of methods of mineral discovery: Address at the United 
Nations Scientific Conference on the Conservation and Utilization of Resources, Lake Success, 
N. Y., August 24, 1949. 


5 Wisser, E. H., Tomorrow’s ore: Address at the American Mining Congress, Western Divi- 
sion, 1949 Metal Mining Convention, Spokane, Washington, September 26-28, 1949. 
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for the optimism and to suggest some steps that may be taken in our effort to 
find new mining districts. 

This discussion, however, will be restricted to the search for hypogene 
mineral deposits related to igneous activity ; in addition it will to a large extent 
be based on my own experience in the western United States, though I believe 
that most of the conclusions that can be drawn are applicable to other areas, 
with the possible exception of the ancient shield areas. Neither will the prob- 
lems of finding new ore bodies in known mining districts, nor the discovery of 
extensions of known ore bodies, be considered. Both have been given detailed 
attention by our profession for many years, and the methods of search, as devel- 
oped by the mining industry in this country, are far advanced. Indeed, as Gray 
has pointed out recently, it is now a matter, in many instances, of deciding 
whether or not the cost of the exploration required to find such extensions of 
known districts or ore bodies is justified by the prospective returns. The 
search for entirely new districts has not reached this stage. 

Any consideration of the factors concerned with a search for new mining 
districts starts with the fact that in much of the world, and especially in this 
country, the surface has been rather thoroughly examined by generations of 
prospectors. Undiscovered districts must, therefore, be largely beneath the 
present surface—either through the failure of the ore bodies to crop out, or by 
reason of concealment under younger sediments or lavas. We probably either 
have at hand, or can foresee the development of, many of the concepts and tech- 
niques that will be required to find new districts of the first category—at least 
those in which the ore bodies are located at a sufficiently shallow depth to be of 
economic interest. Prospectors for centuries back have been consciously or un- 
consciously guided in their search by the various phenomena that accompany 
igneous intrusion and subsequent hydrothermal alteration. In the past few 
years the studies of Lovering,* Schwartz,’ and Sales and Meyer,® have gone 
far to transform this general belief that rock alteration and ore deposition are 
related, into an integrated body of observation and interpretation. Possibly an 
even more useful tool in this field may be found in the recent advances in geo- 
chemical prospecting.® I am optimistic enough to believe that relatively few 
potential mining districts that are both in a favorable geographic location and 
close enough to the surface that their alteration halo is exposed, will escape dis- 
covery in the next generation or two, especially if we continue to advance our 
knowledge of the processes of mineralization at recent rates. 

This happy prospect does not prevail in the case of potential districts that 
are concealed beneath younger rocks. Here the greatly increased cost of ex- 
ploration seems to require initial attention to two fundamental questions. First, 
what is the evidence indicative of the occurrence of ore deposition beneath areas 





6 Lovering, T. S., Rock alteration as a guide to ore—east Tintic district, Utah: Monograph I, 
Economic Geology Pub. Co., 1949. 

7? Schwartz, George H., Hydrothermal alteration in the Porphyry Copper deposits: Econ. 
Geot., vol. 42, no. 4, 1947. 

8 Sales, R. H., and Meyer, Charles, Wall rock alteration at Butte, Montana: A.I.M.E. Tech. 
Pub. 2400, 1948. 

® Hawkes, H. E., Geochemical prospecting : a progress report; Econ. Grot., vol. 44, pp. 706— 
712, 1949. 
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covered by younger rocks, and second, if ore bodies may be expected under such 
conditions, are large enough areas involved to justify the hope that appreciable 
increases in our reserves of raw materials may be found, should the keys to 
successful exploration be found? 

Some of the results of a reconnaissance of the mining districts tributary to 
Boulder Dam, which was made a number of years ago by the Geological Survey, 
appear to be suggestive in considering these two questions. The area involved 


CALIFORNIA 
[ 38,800 $O.MI. 
40 ‘ 





50 











\ 


30 a 


* 


~. NEVADA AND UTAH 
at v 46,500 sami 


~~ 
“ 
*. 
ZIdX 
20 s 
ARIZONA ~ 
40,600 SQ.M. \ ~ 
. >. 











NUMBER OF DISTRICTS 














i 


























_— — 
0 
° $10,000 $100,000 $1,000,000 $10,000,000 OVER : 
To TO T TO $100,000,000 
$10,000 $100,000 $1,000,000 $10,000,000 $100,000,000 


DISTRICT PRODUCTIVITY 
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was that included within a 200-mile radius of the dam—about 125,000 square 
miles in Arizona, California, Nevada, and Utah, the great bulk of which falls 
within the Basin and Range province. One phase of the project called for a 
rapid review and appraisal of the metal mining districts in the area which, 
though it constitutes only one-third of the entire Basin and Range province, 
has yielded a production of gold, silver, copper, lead, and zinc in excess of a 
billion dollars. Preparatory to this reconnaissance the available data on pro- 
duction of the known districts were assembled, and the districts then grouped 








604 THOMAS B. NOLAN. 


into six productive categories: (1) production less than $10,000; (2) produc- 
tion between $10,000 and $100,000 ; (3) between $100,000 and $1,000,000 ; (4) 
between $1,000,000 and $10,000,000; (5) between $10,000,000 and $100,- 
000,000 ; and (6) production in excess of $100,000,000. 

Although a number of difficulties were met, both in devising a uniform char- 
acterization of a mining district, and in the accurate determination and correct 
assignment of the production records, a fairly satisfactory allocation of the 285 
districts that were distinguished was made. A review of these figures yielded 
some interesting conclusions.‘ For example, the number of districts in the 
four states was approximately proportional to the area of the states included 
in the study, especially if allowance is made for the areas in Utah and Arizona 
that are outside of the Basin and Range province. Further, there was a fair 
concordance in the number of districts in each State that fall within each of the 
six productivity classes (Fig. 1). It seemed reasonable to conclude from these 
two observations that in very large areas, all within the same geologic province, 
a roughly constant total amount of ore material has been introduced per unit 
area by the processes of mineralization, and that in addition, the quantitative 
distribution of this ore material in separate districts has also been relatively 
constant. Confirmatory (though negative) evidence in favor of this conclu- 
sion was derived from the fact that the areal distribution of the nearly 300 dis- 
tricts revealed no recognizable correlations with major geologic features within 
the province, such as would:suggest a specific non-uniform control of ore depo- 
sition to form districts. 

We therefore seem to have an answer to the first of the two questions: If 
mineralization has occurred fairly uniformly throughout a major geologic 
province, it is safe to conclude, if large enough areas are involved, that a com- 
parable number of mining districts of various sizes may be expected in that part 
of the province covered by younger rocks as is found in the exposed areas. 

The Boulder Dam reconnaissance work also provided, for the Basin and 
Range province, some evidence on the second of the two questions—the size of 
the area that may be ore-bearing, but is concealed by young rocks. The mining 
districts involved in the study were essentially all restricted to the mountain 
areas; none occur in the gravel-filled valleys or in the young and relatively 
undisturbed lava fields. If these features are younger than the ore bodies, then 
the rocks beneath them are potential hosts for ore bodies of the sort that have 
thus far been discovered. 

So far as the Basin and Range province is concerned, this is a very large 
area. Although large portions of the province remain to be mapped, an esti- 
mate that the portion concealed by young gravels or lavas is at least one-half 
the total is probably conservative. For large parts of California and Arizona 
within the province a figure of two-thirds is perhaps closer to the truth. 

Although the Basin and Range province in the United States and Mexico is 
perhaps the most obvious region to which these conclusions may be applied, it 
is probable that to a limited degree, they may be extended rather widely. An 


10 Nolan, T. B., in Mineral resources of the region around Boulder Dam: U. S Geol. Sur- 
vey Bull. 871, pp. 7-9, 1936. 
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exceptionally favorable region might be the extensive lava fields, such as that of 
the Snake River plain, which intervene between areas of known mineralization. 
Intermontane valleys are widespread in the mineral-rich mountain ranges of 
the world, and to the extent that they are filled with material, whether trans- 
ported or residual, that effectually conceals the underlying bedrock, are poten- 
tially the locus of ore deposits, if this hypothesis is correct. Not all are of the 
extent of South Park in Colorado, but in the aggregate, very large areas must 
be thus concealed. Another potentially fruitful area for search is provided by 
the Coastal Plain areas. Wisser ™ has elaborated on the subject of favorable, 
though hidden, prospecting areas recently. 

The empirical determination that mining districts may be present over large 
areas beneath a cover of younger rocks is helpful in so far as it encourages op- 
timism for future discoveries. It does not, however, provide a basis for spe- 
cific exploration, for the statistical evidence suggests only that in the Great 
Basin some 100 or so mining districts of all sizes may be expected within each 
area of 50,000 square miles. The cost of adequate exploration over such an area 
would be prohibitive. 

The need thus arises for some principles to guide in the exploration of 
these potentially favorable regions. It would seem clear that these principles 
must be geologic ones, for no others offer any hope of eliminating what must 
be large areas of unmineralized ground. Moreover, it seems to me that the 
geologic principles selected must be ones that will direct us first to a relatively 
large target, else we are little better off than we would be if a program of blind 
drilling were conducted. Even a Utah Copper ore body is a very small objec- 
tive if we are searching areas of thousands of square miles. 

What grounds are there for believing that there may be relatively large 
targets that are genetically connected with mining districts? Both Butler ** 
and Emmons ** have called attention to the relationship of ore deposits to api- 
cally truncated stocks, and have interpreted this to mean that the volatile con- 
stituents of a magma in which were carried the metals and other elements that 
are constituents of ore bodies, tended to concentrate, as they rose in the con- 
gealing intrusive, into the prominences or cupolas on the upper surface of the 
mass. Although it is quite likely that this concept is greatly oversimplified and 
that in fact both the igneous mass and the mining district may owe their com- 
mon location to some type of structural control, the spatial relationship de- 
scribed by Butler and Emmons between ore concentrations and the smaller ig- 
neous masses appears to be valid. I suspect also, so far as the search for new 
mining districts is concerned, that it is also true for the Tertiary epithermal 
precious metal districts such as Tonopah and Goldfield. The zonal pattern at 
Tonopah, for example, appears best explained by a subjacent source of heat 
that is most probably a small intrusive mass. Such igneous bodies, even though 
they may be covered by younger rocks, or be as yet unexposed by erosion, are 

11 Wisser, E. H., op. cit. 


12 Butler, B. S., Relation of ore deposits to different types of intrusive bodies in Utah: Econ. 
Geot., vol. 10, pp. 101-121, 1915. 


18 Emmons, W. H., Relation of metalliferous lode systems to igneous intrusions: Am. Inst. 
Min. Met. Eng. Trans., vol. 74, pp. 29-70, 1926. 
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certain to be appreciably larger than individual ore bodies, and hence to provide 
a larger target for the exploring mining geologist. 

Even a small granitic stock or cupola, however, with an area of a few square 
miles, is likely to be a somewhat elusive target if there are no other guides to 
its discovery. Are there any grounds for believing that there may be a sys- 
tematic distribution of intrusive masses, which would in turn control, to a de- 
gree, the places in which a search for cupolas might be made? An affirmative 
answer to this question would have a further bearing on the search for new 
mining districts. If there is persuasive evidence that major igneous masses, 
with related stocks or cupolas, do exist with some systematic distribution pat- 
tern beneath our hypothetical concealed areas, we have in fact established a 
sound geologic basis, to supplement the empirical one, for the belief that min- 
ing districts must exist in significant numbers and of significant potential in 
such areas. 

I believe there is some suggestive evidence for such a distribution in the 
Great Basin province, and if the hypothesis that leads to this belief is valid for 
areas other than the one province, as I believe it is, a similar distribution of 
intrusive masses can be predicted for other Cordilleran areas as well. 

The evidence referred to was developed several years ago during a review 
of the geology of part of the Great Basin.1* The details are far too extensive 
to review here; in brief, it was believed that deformation in the province was a 
long continued process that started in the Paleozoic and early Mesozoic with 
broad geanticlinal warping and only local more intense disturbance ; continued 
in the late Mesozoic and early Tertiary with widespread intense folding and 
thrust faulting; and concluded with the block faulting of later Tertiary and 
Recent time. In general, this orogenic cycle appears to reflect, at least in part, 
a progressive deformation of the rocks of the earth’s crust above a mobile mag- 
matic subcrustal layer. Compression applied to this layer is believed not only 
to have been responsible for the warping, folding and thrusting, but also, in 
accordance with an early suggestion of Gilbert’s,’® for the block faulting that 
characterized the final stages of the cycle. All three of these surficial manifes- 
tations of the compressive forces are markedly linear, and it seems a reasonable 
conclusion that the surface of the mobile layer must have comparable linear 
crenulations. I believe that further reasonable assumptions lead to the hypoth- 
esis that igneous intrusions, which are normally restricted to Cordilleran re- 
gions, are also related to the subcrustal layer, and hence, at least in depth, are 
elongate masses, probably parallel to and superposed on the crenulations of the 
subcrustal layer. 

A linear body of intrusive material, with dimensions comparable to those of 
present-day Basin Ranges, or to the major folds in,such a region, presents a 
major target ; the stocks genetically related to it, or cupolas that are superposed 


14 Nolan, T. B., The basin and range province in Utah, Nevada, and California: U. S. Geol. 
Survey Prof. Paper 197-D, 1943. 

15 Gilbert, G. K., Report on the geology of portions of Nevada, Utah, California, and Ari- 
zona, examined in years 1871 and 1872: U. S. Geog. and Geol. Surveys W. 100th Mer. Rept., 
vol. 3, p. 62, Washington, 1875. 
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on it, then become secondary targets, and the ore bodies related to the cupolas, 
tertiary ones. 

What methods are available to locate these successive targets? I think there 
are two broad lines of attack that should be pursued concurrently. 

The first is somewhat of an indirect one. It is an extensive and thorough 
program of detailed geologic mapping over large areas which include a number 
of different mining districts, as well as barren intervening areas. From this, 
it seems likely that an empirical determination might be made of the differences 
in the structural, stratigraphic, and other environmental factors between known 
ore-bearing districts, and unmineralized areas. The knowledge thus obtained 
would be essential also to interpret properly another product of the detailed 
mapping program—the basis for projecting structural, stratigraphic and other 
trends into concealed areas as a means of finding similar favorable environ- 
ments. In general this technique is not likely, by itself, to yield consistently 
significant results, as the data will be primarily qualitative rather than quanti- 
tative. It will not, for example, provide dependable information on the thick- 
ness of the younger covering rocks, and this figure may well be so large in many 
places as to make any ore body existing beneath the cover uneconomic. 

The results of detailed mapping would, however, also be invaluable in the 
application of the second technique. This is conceived to be an adaptation or 
modification of existing geophysical or geochemical methods to the discovery 
of our targets, for it is probable that different methods will be needed for each 
of the three types of target. 

The most effective tool in the search for the largest target, the linear intru- 
sive mass, will probably be a reconnaissance geophysical method that is capable 
of distinguishing gross differences between large rock bodies. I believe the 
airborne magnetometer ‘* may prove to be most valuable in this step. Even 
though a distinction between granitic rock and sediment beneath a cover of 
younger rocks may prove to be beyond its capabilities, it seems certain that in 
most regions the instrument will be capable of delineating the shape of the 
basement; and the hypothesis developed earlier indicates that “highs” in the 
basement should correspond with the linear intrusions. 

A test flight with the Geological Survey’s airborne magnetometer from 
Denver to San Francisco in the fall of 1949 suggests that this belief may be 
justified. I have not attempted to interpret all of the magnetic anomalies that 
are present in the record of the flight ; the significant thing in the present in- 
stance is the common concordance of many of the magnetic highs with topo- 
graphic highs in the Basin and Range province. This relationship, if further 
investigation proves it to be a valid one, suggests that the basement is relatively 
high beneath the blocks elevated during the last stage of the orogenic cycle; 
perhaps some of the magnetic highs unrelated to topographic highs may be simi- 
larly related to the earlier folds and upwarps. I hope that the Survey will be 
able to further investigate the possibilities of this method of attack. 


16 Balsley, J. R., Jr., The airborne magnetometer: U. S. Geol. Survey Geophysical Invest. 
Prel. Rept. 3, 1946. 
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The search for targets of the second magnitude—the stocks or cupolas re- 
lated to the more extensive linear intrusive masses—would seem to be aided by 
utilizing several types of data. Suggestive evidence might well be obtained by 
refinements in the interpretation of the magnetic data. Similarly it is likely that 
the geologic mapping program in a given region will yield information on fav- 
ored sites for the smaller igneous bodies. I believe it likely, however, that some 
form of seismic investigation, in combination with one or another of the other 
methods, will be the most fruitful, since it is most likely to provide depth figures, 
as well as permitting more precise delineation of the contours of the secondary 
target. 

Finally, if we may assume that our targets of the first and second magnitude 
have been successfully located, there remains the vastly more difficult job of 
locating the ore body itself. In the present stage of our knowledge, I think that 
deductive methods must be supplemented by a current method of physical ex- 
ploration—the drill hole. The location of an initial hole or holes must again 
be guided largely by geologic experience or knowledge gained from the detailed 
mapping of the adjoining region. But once drilling has started, I am confident 
that advances in our knowledge of alteration processes, of geochemical prospect- 
ing and, even more remote perhaps, of geophysical methods that may be applied 
deep in the drill holes, will greatly simplify the task of reaching the ore body. 
I might mention in this connection two recent groups of experiments by Survey 
field parties that seem to provide some basis for this optimism. One is the use, 
by Lovering in the Tintic district, of measurements of the geothermal gradient 
to indicate proximity to ore bodies. The other is the very promising results 
attained by the geochemical prospecting group under H. E. Hawkes in the de- 
termination of metal-bearing haloes around ore bodies by means of delicate 
field tests for traces of the metals. Tests at Johnson City, Tennessee, Platts- 
ville, Wisconsin and Tintic, Utah, have yielded surprisingly encouraging 
results. 

I suspect that some may feel that this presentation has been so speculative, 
and so lacking in estimates of cost in comparison with expectable returns, that 
it is scarcely an appropriate treatment of the subject to present to economic 
geologists. But speculation of this type is needed if the science is to advance ; 
and if this discussion, and the other recent ones on the topic, succeed only in 
stimulating enough members of the profession to a realization of the need, I am 
confident that successful, and economic, techniques will be developed. 

I am indebted to my colleagues on the Geological Survey for discussions 
over the past twenty-five years that have led to most of the concepts here pre- 
sented. Just as I have interpreted the honor that the Society has bestowed 
upon me as in fact an honor to the Survey rather than myself—so I think this 
paper might well be considered a contribution not from me as an individual, 
but from the organization of which I have been a member for so long. 

U. S. GeoLocicaL Survey, 


WasuinotTon, 25, D. C. 
August 4, 1950. 














ALTERATION AND METALLIZATION IN THE BAGDAD 
PORPHYRY COPPER DEPOSIT, ARIZONA." 


CHARLES A. ANDERSON. 


ABSTRACT. 


The porphyritic to seriate-textured quartz monzonite host-rock at Bag- 
dad was changed by hypogene alteration to a granular rock in which the 
plagioclase became albitic, orthoclase and quartz increased in amount, and 
hornblende and book-biotite were recrystallized to pale brown leafy biotite. 
Hypogene sulfides, pyrite and chalcopyrite, were added during the process 
of alteration, accompanied in part by sericite. Molybdenite is younger than 
the chalcopyrite. Locally, the host rock was altered to a quartz-orthoclase- 
sericite facies containing more quartz and orthoclase than is found in the 
main alteration facies. Chemical analyses indicate that alteration and min- 
eralization of the host rock resulted in loss of iron, lime, and soda, and ad- 
dition of sulfur, copper, and potash. 

Supergene changes include the formation of a chalcocite blanket in late 
Pliocene or early Pleistocene time. Chalcocite replaced chalcopyrite in 
preference to pyrite. The chalcocite blanket is truncated by the preseni 
erosion surface and its distribution can be recognized from the character 
of the iron oxide left in the leached cavities. Along some of the fractures 
and faults, supergene clay is present, consisting of kaolinite and a member 
of the saponite-montmorillonite group. 


INTRODUCTION. 


INCREASED attention has been paid to rock alteration in the porphyry copper 
deposits * in recent years, and the purpose of this paper is to present new data 
on the rock alteration and metallization in the Bagdad porphyry copper deposit, 
Arizona. Small-scale mining started at Bagdad in 1929, and in 1943 a 2,500- 
ton mill was put into operation, placing Bagdad among the porphyry copper 
producers. 

Bagdad is located in west-central Arizona (Fig. 1). Field work was done 
in the Bagdad area from 1943 to 1945 as a part of the copper investigations of 
the U. S. Geological Survey, and a brief report on the structural control of min- 
eralization has been published. The writer and his associates, E. A. Scholz 
and J. D. Strobell, Jr., are preparing a comprehensive report on the geology 
and ore deposits of the Bagdad area for publication by the U. S. Geological 
Survey. 

1 Published by permission of the Director, U. S. Geological Survey. 

2Gilluly, James, The mineralization of the Ajo copper district, Arizona: Econ. Grot., vol. 
37, pp. 247-309, 1942. Peterson, N. P., Gilbert C. M., and Quick, G. L., Hydrothermal altera- 
tion in the Castle Dome copper deposit, Arizona: Econ. Gerot., vol. 41, pp. 820-840, 1946. 
Schwartz, G. M., Hydrothermal alteration in the “porphyry copper” deposits: Econ. Grot., vol. 
42, pp. 319-352, 1947. 


3 Anderson, C. A., Structural control of copper mineralization, Bagdad, Arizona: A. I. M. E. 
Mining Technology, vol. 12, no. 2, Tech. Publ. 2352, 1948. 
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Thanks are due E. R. Dickie, General Manager of the Bagdad Copper Cor- 
poration, for cordial cooperation and permission to include information obtained 
from the company records. The chemical analyses of the Bagdad rocks used 
in this report were made by the Branch of Geochemistry and Petrology of the 
U. S. Geological Survey. Marie L. Lindberg contributed much in the chemical 
and optical study of the biotite in the unaltered and altered rocks. I am indebted 
to R. S. Cannon, Jr., T. S. Lovering, and Michael Fleischer for helpful sugges- 
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Fic. 1. Index map of Arizona showing location of Bagdad. 


tions in the preparation of the manuscript, which has been improved by the 
critical reading of T. S. Lovering, N. P. Peterson, and S. C. Creasey. 


GENERAL GEOLOGY. 


The Bagdad porphyry copper deposit occurs in a stock of quartz monzonite 
intruded into Precambrian rocks (Fig. 2). The Precambrian terrane consists 
of amphibolite, mica schist, slate, and intrusive igneous rocks. A. small ero- 
sional remnant of rhyolite tuff, probably of late Cretaceous or early Tertiary 
age, rests on the Precambrian rocks in the southwestern corner of the Bagdad 
area (not shown on Fig. 2). Rhyolite dikes intrude the tuff, and the quartz 
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monzonite stocks intrude the rhyolite dikes, suggesting that the quartz mon- 
zonite stocks also are of late Cretaceous or early Tertiary age. 

The quartz monzonite crops out in a series of stocks and plugs, but only the 
stock at Bagdad is appreciably mineralized (Fig.2). Dikes of diorite porphyry 
and quartz monzonite porphyry are younger than the quartz monzonite, and 
some of these dikes are mineralized with copper, lead, and zinc. The alteration 
and metallization followed the intrusion of the late Cretaceous or early Tertiary 
igneous rocks, but presumably are of the same general age. No other igneous 
bodies that could represent the sources of the hydrothermal solutions crop out. 
The mineralization is clearly younger than the Precambrian. 

During the late Tertiary or early Pleistocene, a surface of considerable relief 
was developed, and a typical chalcocite blanket was formed in the Bagdad por- 
phyry copper deposit. Later this surface was partly buried by the Gila(?) 
conglomerate and its intercalated basalt flows (Fig. 2). The lava flows now 
cap extensive mesas, and the chalcocite blanket is truncated locally by the pres- 
ent erosion surface. 


GENERAL FEATURES OF THE BAGDAD DEPOSIT. 


The hypogene sulfides, chalcopyrite and pyrite, locally replaced by super- 
gene chalcocite, are disseminated or occur as minute veinlets in a substantial 
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Fic. 2. Map showing quartz monzonite stock at Bagdad. 
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part of the stock. Some quartz-pyrite-chalcopyrite veins averaging 1 inch in 
width also are present in the stock but on the whole contain little copper. Mo- 
lybdenite is limited to quartz veins younger than the chalcopyrite-bearing veins. 
The highest grade of minable ore is found in the chalcocite zone beneath a 
leached zone related to the pre-Gila(?) erosion surface. 

The stock containing the Bagdad deposit is located essentially at the inter- 
section of two dike swarms; it is believed that two intersecting shear zones con- 
trolled the intrusion of the quartz monzonite stocks, and later veins * and that 
the minor mineralized fractures, which carry most of the copper, were formed 
by tectonic stress. The supergene enrichment was controlled by faults paral- 
lel to the two shear zones, and the thickest and highest-grade chalcocite ore oc- 
curs where intersecting or closely spaced faults have increased the permeability 
of the host rock. 

Not all of the central stock is copper-bearing, and a crude zonal arrange- 
ment of copper is evident. The outline of the block containing 0.5 percent or 
more of copper and the stope outline that marks the block of highest-grade cop- 
per ore are shown on Figure 2. Because the north contact of the stock is buried 
by Gila( ?) conglomerate, it was not possible to determine whether the copper- 
bearing part is along a central axis striking northwestward or near the north 
margin of the stock. A pyritic facies surrounds the exposed copper-bearing 
part of the stock, gradually fading in intensity towards the outer boundary of 
the stock. 


QUARTZ MONZONITE HOST ROCK, 


The quartz monzonite weathers readily to a friable product, and exposures 
are poor except in canyon floors or where the rock has been hydrothermally 
altered and enriched in quartz. The texture of the unaltered rock varies, rang- 
ing from porphyritic (Fig. 3A) to seriate. The plagioclase ranges from calcic 
oligoclase to andesine ; locally albitic borders are present. The plagioclase is in 
euhedral to subhedral crystals of various sizes. Orthoclase is in equant crys- 
tals, subhedral to anhedral, and in most specimens is interstitial to the plagio- 
clase. In most thin sections examined, plagioclase is in excess of orthoclase. 
Quartz occurs as small interstitial crystals, and rarely in graphic intergrowth 
with orthoclase. Subhedral to anhedral biotite, partly altered to chlorite, is a 
common accessory. Hornblende prisms, pleochroic in shades of green, are 
varied in distribution. In some places hornblende is in excess of biotite, and 
in other places, biotite is in excess. Minor accessories include sphene, magne- 
tite, apatite, and zircon. 

Aplitic dikes, 1 to 3 feet wide, cut the quartz monzonite, and these are com- 
posed of perthitic orthoclase locally showing Carlsbad twins. Orthoclase and 
subordinate sodic oligoclase are associated with abundant irregular quartz 
grains. In another stock, northeast of the area shown on Figure 2, black tour- 
maline in irregular blotches occurs in the aplite dikes. 

Much of the unaltered rock closely approaches a granodiorite in composi- 
tion (Table II, no. 1). But in the hydrothermally altered facies, orthoclase 
and plagioclase are nearly equal in amount, and for some time the term “quartz 


* Anderson, C. A., op. cit. 
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Fic. 3. Microdrawings of analyzed unaltered and altered quartz monzonite, 
(A) unaltered quartz monzonite ; p, plagioclase; q, quartz; b, biotite ; h, hornblende; 
f, orthoclase and plagioclase; sp, sphene; black, magnetite. (B)_biotite-albite- 
quartz-orthoclase facies; a, albitic plagioclase; 0, orthoclase; q, quartz; b, leafy bio- 
tite; black, chiefly chalcopyrite, some pyrite. (C) quartz-orthoclase-sericite facies ; 
s, sericite ; 0, orthoclase; a, albite; q, quartz; heavily stippled with heavy black bor- 
der, jarosite. 


monzonite” has been used for these rocks in the Bagdad area. Because the 
differences between quartz monzonite and granodiorite are not great, it seems 
desirable to retain the former term. 


HYPOGENE ALTERATION. 
Biotite-albite-quarts-orthoclase Facies—Much of the quartz monzonite 
in the central stock in and near the Bagdad mine has a rather fresh appearance 


TABLE I. 
CHEMICAL ANALYSES OF IRON AND WATER, AND REFRACTIVE INDICES OF BIOTITE. 
M. L. Lindberg, analyst. 





| A B Cc 
j — S|] |}  __— 
Total Fe as Fe2Os 21.36 } 14.24 | 11.29 
Total H:O0 | 3.00 2.92 2.54 
a | 1.586 1.565 | 1.555 
8B 1.639 1.617 1.607 
¥ | 1.639 1.617 07 


(A) Book biotite from unaltered quartz monzonite. 

(B) Leafy biotite from biotite-albite-quartz-orthoclase facies, crystals 1 to 3 mm in diameter 

(C) Leafy biotite from biotite-albite-quartz-orthoclase facies, crystals less than 1 mm in 
diameter. 
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with little or no conspicuous chlorite and sericite to suggest the common type 
of hypogene alteration. However, petrographic studies revealed that the sul- 
fide-bearing quartz monzonite has a granular texture; plagioclase is extremely 
sodic ; orthoclase is equal to or in excess of plagioclase ; biotite is leafy and pale- 
colored ; and hornblende is rare or absent. 

In the unaltered quartz monzonite, biotite occurs in book-habit, that is, 
the ratio of length along the c crystallographic axis to length along the cleavage 
approaches or even exceeds unity (Fig. 3A). The index of refraction of 8 in 
the book biotite ranges from 1.635 to 1.645. 

The biotite in the altered facies is paler colored, without strong pleochroism, 
and the habit is leafy, that is, the ratio of the length along the c axis to the 
length along the cleavage is much less than unity (Fig. 3B). The index of re- 
fraction of B is lower than in the book biotite, ranging from 1.605 to 1.625. The 
chemical analysis of the altered rock containing leafy biotite (Table II, no. 2) 
indicates that this mineral contains more MgO and less FeO than the book bio- 
tite in the unaltered rock. The only iron-bearing minerals in the altered rock 
are pyrite, chalcopyrite, and biotite, and the only magnesia-bearing mineral is 
the biotite. After allowing for the necessary iron to combine with sulfur to 
form pyrite and chalcopyrite, the molecular ratio of remaining FeO to MgO is 
about 1 to 5. 

Biotite crystals were separated from three Bagdad samples by the Branch 
of Geochemistry and Petrology, and the iron and water content were deter- 
mined (Table I). The results of this study prove that the variations ot indices 
of refraction correspond to variation in iron content; plotting 8 against total 
iron results in a straight-line graph. The water content is approximately the 
same in the micas from altered and unaltered facies proving that the leafy mica 
is biotite rather than hydrobiotite or vermiculite. The iron content eliminates 
phlogopite. Schwartz ® determined the hydrothermal brown mica at Bingham 
and Ely as biotite. . 

The plagioclase in the altered facies ranges from albite to sodic oligoclase. 
Sericite in scattered minute flakes or coarser clusters appears in some of the 
albitic feldspar. Sericite is present also in clusters between quartz and ortho- 
clase crystals and forms some veinlets in the rock. A little sericite is inter- 
leaved with leafy biotite ; it may represent simultaneous formation or alteration 
of biotite to sericite, or the reverse. The index of refraction of 8 of a number 
of tested specimens of the sericite is 1.595 +0.005. Lovering * has reported a 
micaceous mineral of lower index and birefringence than sericite in hydrother- 
mally altered rocks, which he called provisionally hydrous mica. The Bagdad 
mineral shows the usual polarization colors associated with sericite, and the 
index of refraction substantiates this conclusion. 

Quartz and orthoclase are more abundant and coarser-grained in the sulfide- 
bearing rocks than in the unaltered rock (Fig. 3B). Along some of the miner- 
alized fractures, quartz and orthoclase appear as veinlets containing stubby 
prisms of apatite. Stubby crystals or granular aggregates of rutile, derived 

5 Schwartz, G. M., op. cit. 


6 Lovering, T. S., The origin of the tungsten ores of Boulder County, Colorado: Econ. Grot., 
vol. 36, p. 237, 1941. 
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from sphene and biotite, occur in the altered rock, commonly with quartz and 
orthoclase, and, more rarely, associated with sericite. Chlorite is a minor al- 
teration product of the biotite. 

Quartz-orthoclase-sericite Facies—Bold outcrops of quartz-orthoclase- 
sericite rock stand out as ribs and irregular masses in the central stock at Bag- 
dad, but in total comprise only a minor part of the altered quartz monzonite. 
The ribs, generally 10 to 20 feet wide, have northeast and northwest trends, 
parallel to the main structural elements of the stock. The quartz-orthoclase- 
sericite facies is not limited to the copper-bearing part of the stock but is well 
exposed in the western margin of the stock. 

Two variations of the quartz-orthoclase-sericite facies were recognized. One 
shows a complete loss of the original seriate or porphyritic texture (Fig. 3C) ; 
the rock consists of an interlocking aggregate of quartz, orthoclase, and minor 
albite containing clusters and veinlets of sericite. The other variety contains 
relict plagioclase phenocrysts altered to albite heavily loaded with sericite and 
separated by clear granular orthoclase and quartz. Locally a small amount of 
leafy biotite is present. 

No evidence is available to prove the age relationship of the quartz-ortho- 
clase-sericite and biotite-albite-quartz-orthoclase facies, but it is believed that 
the quartz-orthoclase-sericite facies represents a more advanced stage of altera- 
tion, as indicated by relict albite and leafy biotite, and localization along the 
main structural trends of the stock. In places in the Bagdad mine, the evidence 
is suggestive that the quartz-orthoclase-sericite facies contains less copper than 
the other alteration facies. 


HYPOGENE METALLIZATION, 


Hypogene metallization was characterized by the deposition of pyrite, chal- 
copyrite, molybdenite, and scarce galena, sphalerite, and barite. From the evi- 
dence available, it is believed that alteration of the quartz monzonite was con- 
temporaneous with the deposition of the sulfides. In places distinct veinlets of 
quartz and orthoclase containing scattered sulfides cut the biotite-albite-quartz- 
orthoclase facies, but elsewhere these veinlets grade into this facies. Some 
magnetite clusters associated with leafy biotite suggest that magnetite formed 
by recrystallization of iron released by the alteration of book biotite to leafy bio- 
tite. In some specimens, however, magnetite occurs in quartz-orthoclase vein- 
lets containing sulfides, implying some deposition of magnetite in fractures. In 
the main, magnetite is scarce. 

Pyrite and chalcopyrite are usually present as disconnected anhedral gran- 
ules but in some specimens, pyrite is euhedral. The granules are generally in 
chainlike pattern indicating that a fracture guided deposition but the associated 
quartz and orthoclase worked out, “healing” the original fracture. Some iso- 
lated grains of pyrite and chalcopyrite cannot be related to ffactures and are, 
strictly speaking, disseminated, but they are always in contact with quartz and 
orthoclase. In a few specimens, the pyrite or chalcopyrite granules touch, 
forming short continuous sulfide veinlets. Pyrite and chalcopyrite are rarely 
in contact, and no positive evidence is available to suggest their age relationship, 
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but restriction to a single fracture that contains no evidence of banding or re- 
opening is indicative of contemporaneous deposition. 

The precise age relationship of sericite to pyrite and chalcopyrite cannot be 
determined with assurance. Some chains of disconnected sulfide granules are 
connected by minute fractures lined with sericite or they occur in zones of micro- 
breccia with or without sericite. Some quartz-orthoclase-sulfide veinlets con- 
tain sericite ; in others, sericite is absent. Under a high magnification, rosettes 
and individual crystals of sericite penetrate chalcopyrite without any of the 
obvious textures of replacement of the sericite, suggesting that, locally at 
least, some sericite may be slightly younger than or contemporaneous with 
chalcopyrite, or older and inert to the sulfide-depositing solutions. In a broad 
way it must be concluded that sericite, pyrite, and chalcopyrite were con- 
temporaneous. 

Similarly, the precise age relationship of sericite to orthoclase is uncertain. 
Rarely, veinlets containing sericite cut through quartz and orthoclase, but in 
most places the sericite is present as nests interstitial to quartz and orthoclase. 
No evidence was observed of clear-cut replacement of orthoclase by sericite or 
the reverse. The overall picture suggests that the hypogene silicates and sulfide 
minerals were formed in one episode and no definite sequence of minerals can be 
established. 

Quartz-pyrite-chalcopyrite veins cut the altered and metallized quartz mon- 
zonite ; most of these veins are small, 4% to 1 inch wide, locally widening to 3 
inches. Two veins, however, have a width of 1 to 2 feet: These quartz-sulfide 
veins are composed of glassy to white vuggy quartz in which the pyrite and 
chalcopyrite appear as scattered aggregates in the vein or lining vugs. Some 
sericite is present in the quartz and along the vein walls. Sphalerite and galena 
appear as small aggregates in the wider quartz veins, in one place associated 
with cream-colored barite. Clear white calcite crystals were observed in a few 
of the veins. The age relationship of these minor minerals to the pyrite and 
chalcopyrite of the veins can only be conjectured, but it is believed that they 
were late in the sequence. 

Molybdenite-quartz-orthoclase-pyrite veins cut the quartz-pyrite-chalcopy- 
rite veins, indicating that the molybdenite is younger than the chalcopyrite. 
Locally molybdenite is present in quartz-pyrite-chalcopyrite veins for a foot or 
more from the intersection with the younger molybdenite-bearing veins, and if 
only that portion were visible, molybdenite might appear to be contemporaneous 
with chalcopyrite. In places, the molybdenite is only a thin film along fractures 
associated with much quartz, but elsewhere, molybdenite crystals 14 inch in 
diameter were deposited along both margins of the vein. In some veins, molyb- 
denite streaks ramify through the quartz. In some places molybdenite is pres- 
ent between quartz crystals, but in other places it has followed and replaced 
microbrecciated quartz. Locally, sericite is abundant and appears to be essen- 
tially contemporaneous with molybdenite. 

It seems probable that the quartz-pyrite-chalcopyrite veins represent orig- 
inal channels through which the hypogene solutions were conducted to the 
minor fractures where they produced the alteration of the quartz monzonite 
and formed the hypogene silicates and sulfides. These channels were presum- 
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ably clogged by deposits from quartz-rich solutions during the closing episode 
of mineralization, but late solutions added the galena and sphalerite in the 
wider veins. 

From an examination of many polished surfaces of the primary sulfides col- 
lected from various parts of the Bagdad mine, the general impression was 
gained that the total content of sulfide per unit volume is about the same, irre- 
spective of the grade of copper. But in the areas of lower-grade copper pyrite 


TABLE II. 


CHEMICAL ANALYSES OF UNALTERED AND ALTERED QUARTZ MONZONITE. 
A. C. Vlisidis, analyst. 








| 2 | 3 
SiO» | 64.49 67.26 | 68.41 
AlO: 17.43 15.89 16.57 
Fe2Os | 1.84 .88 | 1.16 
FeO 1.65 | 1.44 | 53 
MgO 1.93 2.30 43 
CaO 3.47 | 1.18 16 
Na:O 4.48 3.10 78 
K2O 2.38 3.94 8.37 
H:0 44 .23 14 
H20 4 .90 1.07 1.66 
TiO» 46 37 32 
P20; 19 oan 13 
MnO .09 | .04 none 
CO» 12 .04 .06 
S — 1.35 — 
SOs —- } —_— 1.10 
CuO | 1.05 — 
99.87 | 100.31 99.82 
| 

O=S .68 

| a 

99.63 
Specific gravity (powder) | 2.75 2.65 2.68 

Specific gravity (bulk) 2.7 2.6 2.6 


1. Unaltered quartz monzonite, southeast of Bagdad mine. 

2. Biotite-albite-quartz-orthoclase facies of altered quartz monzonite; protore from Bagdad 
mine. 

3. 


mine. 


Quartz-orthoclase-sericite facies of altered quartz monzonite from surface over Bagdad 


is in excess of chalcopyrite whereas the reverse ratio holds where the copper 
grade is higher. . 
CHEMICAL AND MINERALOGICAL CHANGES, 


Chemical analyses of unaltered and altered quartz monzonite are given in 
Table II. The location of the samples is shown on Figure 2. Sample 1, of 
unaltered quartz monzonite, was collected in a creek bed southeast of Bagdad 
from a body of quartz monzonite separated from the main stock by a belt of 
Precambrian rocks. Whether or not these two bodies of quartz monzonite con- 
nect in depth, is debatable. However, this sample was collected from the near- 
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TABLE III. 


SPECTROGRAPHIC ANALYSES OF THE MINOR ELEMENTS IN THE UNALTERED 
AND ALTERED QUARTZ MONZONITE. 


Cu 0.004 
Ni .002 
Co 001 
Ag salen 
Mo — 
Cr | .002 
V .008 
Zr } 01 

Pb tr* 

B ane 
Be tr** 
Ba .05 

Sr .08 

= .003 


K. J. Murata, analyst. 





.0003 

002 

.001 

.008 

01 | 
tr 





.0004 
03 

05 
003 











.0002 
.005 
.001 
.006 
.02 

tr 
-001 

tr 


* Tr for Pb; element was detected but in amounts less than .0001 percent. 


** Tr for Be; element was detected but in amounts less than .0004 percent. 


not found: Zn, Cd, W, Bi, Au, Pt, Re, In, Tl, Ge, Sn. 
1. Unaltered quartz monzonite. 
2. Biotite-albite-quartz-orthoclase facies of altered quartz monzonite. 
3. Quartz-orthoclase-sericite facies. 


Looked for, but 


est outcrop to the Bagdad mine that represents rock unaltered by hypogene 
action and also showing little or no weathering. Thin-section comparisons 
with other unaltered specimens farther from the Bagdad mine indicate it is 


typical of the original quartz monzonite. 


TABLE IV. 


APPROXIMATE MINERAL COMPOSITION OF UNALTERED AND ALTERED 


FACIES OF QUARTZ MONZONITE. 





Sample 2 of protore was collected 








1 2 3 
Quartz 20.0 28.0 33.0 
Orthoclase 14.0 23.0 43.0 
Oligoclase-andesine 54.0 
Albite 35.0 7.0 
Sericite 2.0 12.5 
Biotite 3.5 8.0 
Hornblende 6.5 
Apatite 0.3 0.3 0.2 
Sphene 1.2 
Rutile 0.35 0.3 
Magnetite 0.3 0.05 
Calcite 0.2 
Pyrite 0.9 
Chalcopyrite 2.4 
Jarosite 3.0 








ond 


. Unaltered quartz monzonite. 
. Biotite-albite-quartz-orthoclase facies of altered quartz monzonite. 
- Quartz-orthoclase-sericite facies. 
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in the Bagdad mine from the undercut level beneath the chalcocite zone. It 
contains a little more copper than average for the protore but the hypogene 
alteration in this specimen is typical for the biotite-albite-quartz-orthoclase 
facies of hypogene alteration. Sample 3 was collected at the surface over the 
Bagdad mine and is representative of the ribs of quartz-orthoclase-sericite 
facies. Some jarosite represents altered pyrite; otherwise the sample shows 
no other effect of supergene action. 

Spectrographic analyses for the minor elements in the same samples are 
given in Table III. The approximate mineral composition (Table IV) of the 
three samples was calculated from the chemical analyses, modified in part by 
using modal composition determined by thin-section traverses. 





















































| 2 3 
270mg 260 mg 
Quartz 
Orthoclase Whge 
= 
Oligoclase- 
andesine 
Albitic 
plagioclase 
Biotite Sericite 
Hornblende Accessories 


Fic. 4. Graph showing mineralogic changes in alteration of one cubic centi- 
meter of quartz monzonite. 1, unaltered quartz monzonite; 2, biotite-albite-quartz- 
orthoclase facies of altered quartz monzonite; 3,-quartz-orthoclase-sericite facies. 


In order to compare the losses and gains of the principal chemical constitu- 
ents, the amounts in milligrams per cubic centimeter for each sample were cal- 
culated, and the results are shown graphically on Figure 5. The changes in 
mineralogical composition in the alteration of one cubic centimeter of rock are 
shown on Figure 4. The loss.of lime and soda (Fig. 5) in the altered rocks is 
significant, indicating that albitization of the plagioclase is the result of greater 
leaching of the lime than of the scda as suggested by Gilluly ‘at Ajo. Magnesia 
shows a slight increase in the protore (sample no. 2), but a marked decrease in 
sample 3. The total iron content drops in both altered facies ; in sample 2, the 
iron is replaced in part by magnesia in the newly formed leafy biotite, as most 


7 Gilluly, James, The mineralization of the Ajo copper district, Arizona: Econ. Grot., vol. 
37, p. 290, 1942. 
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of the iron is present in the pyrite and chalcopyrite. In sample 3, the iron was 
presumably used to form pyrite. Potash is the only constituent that shows 
marked gain in both altered facies, and this gain is reflected mineralogically by 
gains in orthoclase and sericite; AleO; and SiOz for the formation of ortho- 
clase and sericite were presumably released from the alteration of the plagio 
clase. There is a slight decrease in AlgOgs in the altered rocks (Fig. 5). The 
silica content increased very slightly in the protore and quartz-orthoclase-seri- 
cite facies. Little loss of TiO is indicated (Table Il), and the rutile in the 
altered quartz monzonite must represent recrystallization of titania derived 
from sphene and biotite in the original rock. Although apatite is in conspicuous 
crystals in the altered facies, as contrasted to the small-sized crystals in the 
unaltered rock, the analyses show no gain in P2Os, indicating that apatite is 
only recrystallized and redistributed in the altered rock. 

The spectrographic analyses (Table III) show that in the unaltered quartz 
monzonite, the copper content is 0.004 percent, which probably gives the order 
of magnitude of copper content in the quartz monzonite stocks away from the 
zones of mineralization. On the basis of these analyses, barium is leached in 
the altered rocks, and the small amount of barite observed in some of the veins 


TABLE V. 
RATIOS OF COPPER TO GOLD AND SILVER (AFTER LOCKE, EXCEPT FOR BAGDAD). 

Cu:Au Cu:Ag 
Bingham 40,000 4,000 
Ely 30,000 10,000 
Ray 1,000,000 15,000 
Miami 1,000,000 15,000 
Ajo 70,000 6,500 
Bagdad 12,000,000 9,000 


may have been derived from the barium leached from the host rock. In con- 
trast, strontium is as high in the quartz-orthoclase-sericite facies as in the un- 
altered rock. 

Molybdenite (MoSg2) is a common minor constituent in most porphyry cop- 
per deposits. At the Bagdad mine, where it occurs sporadically in the protore 
and in the chalcocite zone, it was separated from the copper concentrates for a 
year anda half. The determination of grade of MoSz in a porphyry copper cre 
is difficult because of variations in distribution in the ore and the small quan- 
tities involved. When the molybdenite was recovered at Bagdad, several assays 
of the mill heads averaged approximately 0.02 percent MoS, (0.012 percent 
Mo). In samples 2 and 3, containing no detectable molybdenite, the spectro- 
graphic analyses show 0.002 and 0.005 percent Mo. The 0.02 percent MoS» 
content of the Bagdad mill heads is only half that at Bingham, Utah, but twice 
that at Chino, New Mexico.® 

Recoverable gold and silver may be of considerable economic importance 
in the porphyry copper deposits because of the large daily tonnages mined. 


8 Butler, B. S., Influence of the replaced rock on replacement minerals associated with ore 
deposits: Econ. Grot., vol. 27, p. 21, 1932. 

® Vanderwilt, J. W., The occurrence and production of molybdenum: Colorado School of 
Mines Quart., vol. 37, no. 4, p. 60, 1942. 
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Locke *° has tabulated the ratios of gold and silver to copper for five porphyry 
copper deposits (Table V) and the Bagdad ratios are added for comparison. 
Recoverable gold at Bagdad is very low, amounting to only 40 ounces from 
1929 to 1945, and no gold was found in the samples analyzed spectrographically 
(Table III). Silver was detected in samples 2 and 3 (0.0003 percent and 
0.0002 percent), which corresponds to 0.09 and 0.06 ounces per ton. These 
amounts are appreciably higher than the grade of recoverable silver, 0.02 ounce 
per ton, based on the total recovery of 53,981 ounces of silver from 1929 to the 
end of 1945. 

It appears definite that the mineralizing solutions brought in appreciable 
quantities of sulfur, copper, and potash, and minute quantities of molybdenum, 
lead, zinc, and silver. The potash may have been leached from deeper rocks 
instead of being derived from the same magmatic source as the metals and sul- 
fur. The removal of lime, soda, and iron from the altered rocks is definite; in 
the quartz-orthoclase-sericite facies, magnesia is also removed. No information 
is available as to their ultimate place of deposition. Lateral migration outward 
from the center of mineralization is not indicated by any pronounced pyritic or 
carbonate enrichment. Possibly these lost constituents were deposited in the 
cover of the stock and have been removed by erosion. 


COMPARISON WITH OTHER PORPHYRY COPPER DEPOSITS. 


Schwartz ™* has given an excellent summary of the mineralogical changes 
associated with the various porphyry copper deposits of western United States. 
He has noted that several kinds of alteration occur in each deposit, but one type 
may be dominant in a particular deposit, such as the orthoclasization at Ajo. 
Argillic alteration was first described for Castle Dome," and it has been recog- 
nized by Schwartz at Morenci and San Manuel, Arizona, and Chino, New 
Mexico. No argillic alteration was found at Bagdad. Recrystallization of 
mafic minerals to biotite took place at Bingham, Utah, at Ely, Nevada, and at 
San Manuel, Arizona, and this type of alteration is important at Bagdad. The 
introduction of orthoclase, which is so strikingly illustrated at Ajo, is of major 
importance at Bagdad, but the introduced orthoclase at Bagdad is not so im- 
portant quantitatively, and the orthoclase crystals do not attain the dimensions 
(pegmatitic in part), as at Ajo. The introduction of orthoclase is of impor- 
tance also at Ely, Nevada, and Bingham, Utah. Sericitic alteration appears to 
be common to all the porphyry copper deposits. In general Bagdad is more 
similar to Ely and Bingham than the others because of their common orthoclasic 
and biotitic alteration. 

Chemical analyses of unaltered and altered host rocks of porphyry copper 
deposits in western United States are available for only Castle Dome, Ajo, 

10 Locke, Augustus, Disseminated copper deposits, in Ore deposits of the Western States 
(Lindgren Volume), p. 616, Am. Inst. Min. Met. Eng., 1933. 


11 Schwartz, G. M., Hydrothermal alteration in the “porphyry copper” deposits: Econ. Gror., 
vol. 42, pp. 319-352, 1947. 

12 Gilluly, James, The mineralization of the Ajo copper district, Arizona: Econ. Grot., vol. 
37, pp. 247-309, 1942. 

18 Peterson, N. P., Gilbert, C. M., and Quick, G. L., Hydrothermal alteration in the Castle 
Dome district, Arizona: Econ. Gror., vol. 41, pp. 820-840, 1946. 
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Bingham, and Ely. In order to compare the losses and gains of the principal 
constituents at Bagdad with those of other porphyry copper deposits, graphs 
have been prepared showing the amount of these constituents in milligrams per 
cubic centimeter of unaltered and altered rocks (Figs. 5 and 6). Unfortu 
nately, no analyses are available from Chino, New Mexico, nor Morenci, Ariz 
ona, where argillic alteration is important, but one analysis of the clay-sericite 
facies at Castle Dome gives some chemical data on argillic alteration (Fig. 5, 
VIII). 

The losses and gains in silica are not appreciable, except there is a gain in 
the quartz-sericite facies at Castle Dome, which however is not of great areal 
extent.’* The excess of silica may have been derived from the more widespread 
clay-sericite facies which shows a loss in silica. Except at Ajo, there is a slight 
loss in alumina in the altered rocks, indicating some leaching during alteration. 
Losses and gains for iron have been shown in terms of elemental iron rather 
than ferrous, ferric, or sulfide iron, in order to show the variations in total iron 
content. The pyrite-bearing quartz-sericite facies at Castle Dome shows an 
increase in iron over that in the unaltered host-rock, but again, as with the 
silica, this facies is of limited areal extent, and the widespread clay-sericite 
facies shows a loss in iron. At Ajo, leaching of iron is indicated in the albi- 
tized sericitic host rock, but in sulfide ore the iron content is the same as in the 
unaltered quartz monzonite (Fig. 5, V, VI). For the other deposits, iron is 
leached in the altered facies even though some of these facies represent protore 
or ore (Fig. 5, II; Fig. 6, III, VI). Magnesia increases in the protore at Bag- 
dad (Fig. 5, 11), and remains about the same in the ore at Ajo (Fig. 5, V1). 
In the other deposits, magnesia is leached in various amounts from the altered 
rocks. The rocks of all deposits show a consistent loss in lime, and except 
Ajo, noticeable loss in soda. Apparently all albitization associated with the 
porphyry copper deposits results from loss in lime rather than addition of soda. 
Except the quartz-sericite facies at Castle Dome (Fig. 5, 1X), and the biotitized 
porphyry at Bingham (Fig. 6, II), potash increases in the altered rocks, and 
marked increases are indicated for the quartz-orthoclase-sericite facies at Bag- 
dad (Fig. 5, III), the orthoclased porphyry at Bingham (Fig. 6, III), and 
both altered samples from Ely (Fig. 6, V, VI). Also the graphs show that 
the initial potash content at Bagdad is less than that in any of the other host 
rocks. 

Lopez * described the alteration at Chuquicamata, Chile, and includes a 
chemical analysis of the unaltered host rock and five analyses of altered rocks. 
Bulk specific gravity determinations were not given, so calculations of milli- 
grams per cubic centimeter of rock cannot be made. No biotitic alteration was 
recognized and magnesia was leached in all altered facies. Apparently the 
sericitic and siliceous facies show some gains in silica.. Otherwise, the results 
are similar to the porphyry deposits of western United States, that is, leaching 
of iron, lime, and soda, and gains in potash. 


14 Peterson, et al., op. cit., p. 827. 


15 Lopez, V. M., The primary mineralization at Chuquicamata, Chile, S. A.: Econ. Grot., 
vol. 34, pp. 674-711, 1939. 
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If any general statements can be made about the porphyry copper deposits 
for which there are chemical data, it would be that lime is more readily leached 
than soda during alteration; potash is usually added; magnesia may be added 
or slightly leached in some facies, but it is definitely leached in other facies. 
The iron content does not increase, except locally, and, in general, iron is 
leached even in sulfide ore. Silica and alumina are not appreciably changed 
during alteration. Perhaps the increased quartz content in the altered rocks is 
due to release of silica from other minerals during alteration. 


SUPERGENE CHANGES. 


Chalcocite Zone.—A typical chalcocite blanket has been formed by super- 
gene enrichment of the protore, and this enriched rock has provided most of 
the minable ore for the Bagdad mine. The chalcocite zone in general is paral- 
lel to the base of the Gila( ?) conglomerate and is truncated by the present ero- 
sion surface (Fig. 7). This position implies very definitely that enrichment 
took place during pre-Gila(?) time, possibly continuing during the deposition 
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of the conglomerate. The chalcocite zone formed by downward movement of 
copper-bearing solutions which replaced chalcopyrite and pyrite with chalcocite, 
leaving a leached zone above. 

Typical chalcocite ore consists of grains of gray chalcocite 1 mm or less in 
size, present along fractures or disseminated in the quartz monzonite. Thin 
sections reveal little change in the quartz monzonite except some of the feld- 
spars are partly clouded with indeterminate spots of clay(?). Biotite and seri- 
cite are unaltered. Microscopic studies of the ore minerals reveal that chalco- 
cite replaces chalcopyrite in preference to pyrite. Covellite was observed as 
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films on chalcopyrite. In good chalcocite ore, the pyrite may be replaced partly 
or show no signs of replacement. Indeed, all polished surfaces of disseminated 
chalcocite ore revealed some pyrite. In two of the wider quartz-pyrite-chalco- 
pyrite veins, however, where postmineral faulting increased permeability, both 
sulfides are replaced by chalcocite near the top of the chalcocite zone, and sooty 
chalcocite is common. 

The base of the chalcocite zone is irregular, determined in part by the per- 
meability of the rock, and deep prongs of chalcocite ore occur along closely 
spaced faults or fault intersections. Actually the base of the chalcocite zone is 
not as sharp as cross-sections imply, for a transition zone, generally 10 to 20 
feet thick, separates good chalcocite ore having a grade of better than 1 percent 
copper from the protore. In this transition zone, chalcocite coatings appear 
on the chalcopyrite, and the grade in copper is about 0.8 percent. In the under- 
lying protore, where no visible chalcocite is present, the grade drops to 0.5 to 
0.7 percent copper. 

The top of the chalcocite zone is somewhat irregular and it is marked by the 
local appearance of malachite, chrysocolla, cuprite, and native copper. These 
oxide minerals are present also along some faults in the chalcocite zone, pene- 
trating to the protore in places. The appearance of the oxidized copper min- 
erals deep in the chalcocite zone and protore may be the result of the water 
table dropping below the top of the chalcocite zone, or oxygen-bearing waters 
circulating along the faults below the water table. At present, the water table 
is lowered locally because of pumping at the mine. Small sporadic chalcanthite 
deposits on drift walls show that a little copper is transported by the present 
underground water. In the older mine workings appreciable gypsum has been 
deposited, presumably following a reaction between calcium bicarbonate de- 
rived from the calcareous portions of the Gila( ?) conglomerate and acid waters 
from the mine area. The mine water collected in the sump is essentially neutral 
and contains almost no copper. 

Leached Zone.—The leached zone above the chalcocite zone varies in thick- 
ness, locally attaining 350 feet. In the leached zone, some malachite and chry- 
socolla are present, but in general the copper content is appreciably less than in 
the protore. Very little change is noticeable in the quartz monzonite in the 
leached zone, other than the removal of the sulfide minerals. Biotite generally 
gives brilliant reflections and appreciable bleaching is apparent only locally. 
The feldspars are dulled somewhat, but bright reflections can be obtained from 
many of the orthoclase crystals. Along the mineralized fractures, however, 
some chemical breakdown of the silicate minerals is indicated. 

Leached Sulfides——The study of the leached sulfides in the outcrops was 
aided immeasurably by the pioneer work of Locke and associates on leached 
outcrops, and their results proved useful guides in the interpretation of the Bag- 
dad outcrops. Following Locke’s nomenclature,’* the iron oxides formed by 
oxidation of the sulfides are indigenous if they were precipitated within the 
same cavity formerly occupied by sulfide. Contiguous iron oxide. is in the 


16 Locke, Augustus, Leached outcrops as guides to copper ore, p. 167, Williams and Wilkins 
Co., Baltimore, 1926. 
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gangue adjacent to a cavity formerly occupied by sulfide. Transported iron 
oxide has been precipitated outside the cavity or cavities yielding the iron 
solutions, 

Over known chalcocite ore at Bagdad, little or no transported iron oxide 
is present except locally. Most of the iron oxide is indigenous and each grain 
of original sulfide is indicated by red, and more rarely black, aggregates of fluffy 
powdery to claylike iron oxide. The color of the powder, or streak, is always 
a deep maroon regardless of the color of the aggregate. On exposed surfaces, 
this “relief” iron oxide ** is absent in many places, apparently removed me- 
chanically by the weather, but specimens broken from the outcrop reveal the 
reddish “relief” iron oxide speckling the freshly broken surfaces. On the basis 
of microscopic studies of leached capping from Morenci and Tyrone, New 
Mexico, Tunnel ** has suggested that hematite is the important constituent of 
the reddish indigenous “relief” iron oxide, and is associated with some goethite 
and jarosite. 

Locally over the chalcocite zone, some of the iron oxide is contiguous, yel- 
low-brown in color, and the indigenous iron oxide forms only a thin red coating 
in the cavities. This type of iron oxide residue was interpreted as the result of 
incomplete replacement of primary sulfides by chalcocite, a conclusion verified 
in part by transitional exposures from oxide to sulfide. 

The capping over the primary sulfides, pyrite and chalcopyrite, is brownish 
in color owing to the extensive coating of yellow-brown transported iron oxide 
along the fractures. The boundary between leached chalcocite ore and leached 
protore truncated by the present erosion surface can be recognized, in a broad 
way, solely by this color difference. Where the leached protore is examined in 
detail, some iron oxide is indigenous, but black to yellow-brown in color, and 
yields a yellow-brown streak. Other iron oxide is contiguous to the cavities. 
Yellow powdery jarosite is common, appearing as fluffy aggregates or as 
streaks. More rarely, jarosite is orange-yellow, compact and crystalline, in 
places occupying original pyrite cavities. In some of the quartz veins that con- 
tained sulfides, delicate brown-stained septa of quartz (or chalcedony) inter- 
secting at acute angles fill cavities 3 to 4 mm in dimension that are lined with 
brown or reddish-brown powdery iron oxide. Presumably this boxwork rep- 
resents original chalcopyrite grains. In most of the leached protore where 
chalcopyrite and pyrite occurred as minute grains, averaging 1 mm or less in 
size, it is difficult to separate oxidized chalcopyrite from oxidized pyrite, al- 
though the iron oxide-stained quartz septa in some boxwork indicates chalco- 
pyrite. 

Microchemical tests, made by Lyman C. Huff of the U. S. Geological Sur- 
vey, revealed that about 1 percent copper is present in the maroon “relief” iron 
oxide derived from chalcocite and in the indigenous brown iron oxide and yel- 
low powdery jarosite derived from the sulfide minerals in the protore. 

Chalcedony veinlets are common along some of the leached fracture zones, 


17 Locke, idem, p. 121. 
18 Locke, idem, pp. 106-107. 
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in places coating the iron oxide. Francolite *® (10CaO.3P,0,;.CO,.CaF,.H.O), 
a member of the apatite group, is found rarely as tiny, cream-colored hexagonal 
plates deposited on chalcedony or in open cavities in the indigenous yellow- 
brown iron oxide. 

Supergene Clay.—Along some of the fractures and faults, aggregates and 
films of greenish to yellow-brown clay are present in the leached and chalcocite 
zones, but not in the protore. The clay in part may be transported, as adjacent 
silicate minerals show no sign of alteration, but along the faults the clay may 
represent altered gouge. Because the clay is found far below the surface in the 
chalcocite zone, it probably is not related to present weathering processes, but 
its absence in the protore suggests that it is of supergene origin, possibly formed 
during the period of chalcocite enrichment. 

Thermal differential analyses of three samples of the clay were made by 
George Faust of the U. S. Geological Survey who reported that the clay con- 
sists of a mixture of several minerals but peaks for montmorillonite (used in a 
group sense) and kaolinite were present in all three records. J. M. Axelrod, 
also of the Geological Survey, made X-ray powder photographs of the same 
samples, and he reported that the clay minerals were kaolinite and a member 
of the saponite group. Because at present it is not possible by either method 
to differentiate between members of the montmorillonite-saponite group, all that 
can be stated is that one of the clay minerals belongs to the montmorillonite- 
saponite group, and the other is kaolinite. 


U. S. GeoLocicaL Survey, 
Prescott, ARIZONA, 
April 11, 1950. 


19 Determined by J. M. Axelrod of the U. S. Geological Survey, who reported that the min- 
eral has a high fluorine content and should be called francolite rather than dahllite. 














A PORTION OF THE SYSTEM SILICA-WATER.! 
GEORGE C. KENNEDY. 


ABSTRACT. 

The solubility of quartz plates in water has been measured at tempera- 
tures ranging to 610° C and at pressures ranging to 1,750 bars. Rate of 
solution of the quartz plates depends on temperature, orientation of the 
quartz plate and on minute compositional differences in quartz. The solu- 
bility determinations have been made along the three-phase boundary, 
quartz-gas-liquid ; and in two two-phase fields, quartz-liquid and quartz-gas. 
No break is encountered in the solubility curves as they cross the boundary 
between the quartz-gas and quartz-liquid fields, provided that the specific 
volume of the fluid phase is held constant. 

The solubility of quartz in water is much lower than is the solubility of 
quartz glass or colloidal silica in water. 


INTRODUCTION, 


A CONSIDERABLE number of determinations of the solubility of quartz crystals in 
water at elevated temperatures and pressures were made by the writer in 1946 
and 1947. The measurements were not continued to the maximum feasible 
temperature and pressure range because accurate P-v-T data were not available 
for water over the upper portion of the P-T range. As a result, investigations 
in the silica-water system were suspended temporarily until a wider range of 
P-y-T relations for water could be obtained. These data for water have been 
secured and further investigations in the system silica-water are under way. 

Because of the wide interest in the synthesis of quartz it seems desirable to 
present the portion of the system completed to date. 


PRESENT EXPERIMENTAL WORK, 


Solubility values have been systematically determined to 560° C and 1,000 
bars pressure, with a few reconnaissance runs up to 1,750 bars. 

Apparatus.—A diagrammatic sketch of the apparatus is shown in Figure 1. 
Experiments were carried out in steel bombs heated in electric resistance 
furnaces. 

Bomb.—Bombs used in the course of the experimental work ranged widely 
both in design and materials. Solubility determinations at low pressures and 
low temperatures were carried out in the bombs of as much as 300 ce capacity 
with cone-in-cone seals of the type described by Benedict.? Solubility deter- 
minations at high pressures were made in bombs of much smaller volume, 11 


1 Paper No. 114 published under the auspices of the Committee on Experimental Geology and 
Geophysics and the Division of Geological Sciences at Harvard University. 

2 Benedict, M., Properties of saturated aqueous solutions of potassium chloride at tempera- 
tures above 250° C: Jour. Geology, vol. 47, pp. 252-276, 1939, 
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cc to 45 cc, with seals of the unsupported-area type and tapered driving nuts, 
described by Kennedy.® 

The various bombs were made of 18-8 chromium nickel steel, 25-15 chro- 
mium nickel steel, and of a cobalt-nickel chrome-iron alloy supplied by Profes- 
sor Nicholas Grant of the Massachusetts Institute of Technology. This last 
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Fic. 1. Diagrammatic sketch of apparatus. 


alloy proved distinctly superior to the “stainless steels” and has been further 
described.‘ 

Results from some of the writer’s earliest solubility measurements were 
erratic. due to the formation in the bomb of considerable quantities of iron 
oxides, and probably of some chromium and nickel oxides. The water, re- 
moved from the bomb at the end of a run, was strongly colored and an appreci- 

8 Kennedy, G. C., Pressure-volume-temperature relations in water at elevated temperatures 


and pressures: Am. Jour. Sci., vol. 248, pp. 540-564, August 1950. 
4 Kennedy, G. C., idem. 
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able quantity of metal oxides adhered to the quartz plates placed in the bomb. 
Under these conditions, the determined solubility was almost invariably a few 
percent less than that anticipated. Various attempts to eliminate this difficulty 
by silver plating the bomb cavity were only partially successful, largely because 
of the writer’s lack of skill at silver plating. A very simple way was found, 
however, to eliminate bomb corrosion. The freshly machined bomb was heated 
at 600° C in air for 24 to 48 hours. This treatment produced a tightly adhering 
chromium and nickel oxide coating on the surface of the bomb and gave it deep 
iridescent colors. The oxide coating protected the bomb against attack by 
water at the highest temperatures and pressures involved in the experiments. 
Water and quartz plates removed at the end of a run from a bomb so treated 
showed no readily detectable traces of metal oxides.® 

Furnace, Temperature Control and Temperature Measurement.—The 
bombs were heated in muffle furnaces of 3 inches diameter and 18 inches length. 
The furnaces were wound with a nichrome wire resistance element in such a 
fashion that the largest part of the power input was to the ends of the furnace 
where the greatest heat losses take place. The temperature of the furnace was 
therefore relatively uniform for several inches in the central portion of the fur- 
nace. The heavy steel bomb in the furnace further smoothed the temperature 
gradient, so that the temperature inhomogeneity in the bomb cavity was less 
than two degrees under the conditions of most of the solubility determinations. 

The temperature was regulated by means of an alternating current bridge 
and thyratron circuit. Regulation during most of the determinations was 
within 0.5° C and in no-case during the course of a run did the temperature 
change by as much as 1° C. 

Temperatures were determined by measuring the e.m.f. of an alumel- 
chromel thermocouple on a Leeds and Northrup type K potentiometer. The 
various thermocouples used in the investigation were compared at frequent 
intervals with a 90%-platinum 10%-rhodium thermocouple standardized 
against the boiling points of water and sulfur and the melting points of anti- 
mony, sodium chloride, copper and gold. 

The absolute accuracy of the temperature measurements is probably not 
better than two or three degrees at the highest temperatures involved ; however, 
the relative accuracy of the measurements is much greater, as is indicated by 
the smoothness of a curve drawn through the plotted solubility values. 

Gauge Assembly and Pressure Measurement.—A length of stainless steel 
capillary tubing of 0.018-inch i.d. and 0.10-inch 0.d. was fitted to the plunger of 
the bomb. This connection has been previously described.® The capillary tub- 
ing extends to a cone-in-cone connector, where it is joined by means of a simi- 
lar piece of capillary tubing to a valve block. The cone-in-cone connector 
holds well at the highest pressures attained in these investigations, (1,750 bars). 


5 At one point during the search for a suitable “inert” lining material for the bomb cavity 
the bomb was rhodium plated by a commercial plating firm. After somewhat less than 100 hours 
at 360° C and 300 bars water pressure, during the course of three runs, the plating had entirely 
dissolved away—striking testimony of the solvent power of water at high temperatures and 
pressures ! 

6 Kennedy, G. C., op. cit. 
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The connector must be kept outside the furnace, however, as it will leak at high 
pressures if brought to any high temperature. 

The pressure gauge is similarly connected to the valve block by means of a 
length of capillary tubing. The valve block is so constructed that the gauge 
may be isolated from the rest of the system by advancing the needle valve. 

Pressures were measured on gauges of the Bourdon type. Two of those 
employed were Crosby Mfg. Co. gauges of 6-inch face diameter and with 
ranges of 5,000 p.s.i. and 15,000 p.s.i. respectively. The third was a Crosby 
gauge of 12-inch face diameter and a range of 50,000 p.s.i. The gauges were re- 
calibrated by comparison with a highly accurate Heise 1,400 bar 15-inch Bour- 
don tube gauge, manufactured by the Heise Bourdon Tube Company of New- 
town, Connecticut. The Heise gauge was calibrated by the manufacturer 
against a dead weight piston gauge and had a maximum hysteresis of about 2 
bars. The Crosby gauges showed considerable hysteresis, but at all pressures 
above 200 bars the readings on the Crosby gauges were within 2 percent of 
the corresponding readings on the Heise gauge. The maximum error in the 
pressure determined for solubility measurements is believed to be no more 
than this amount. 


EXPERIMENTAL METHOD. 


Solubility of quartz in water was determined by placing carefully weighed 
plates of quartz in a bomb with known amounts of distilled water. The bomb 
was then sealed and heated for a time sufficient to insure equilibrium. The 
bomb was quenched, the quartz plate removed, dried and reweighed. The loss 
in weight of the quartz plate, independent of time once equilibrium between 
quartz and the solution is established, coupled with knowledge of the amount of 
water in the bomb, gives the solubility value for the temperature and pressure 
involved. Ata given temperature, various pressures were obtained by varying 
the amount of water placed in the bomb. This general method of determining 
solubility has been further discussed." The plates used for most of the deter- 
minations were square-cut AT and BT oscillator plates, cut from Brazilian 
quartz, of unknown locality. The plates were originally made for frequency 
stabilization of electronic circuits, and were kindly supplied the writer by Pro- 
fessor Clifford Frondel. The plates were of about two square centimeter sur- 
face area each and had been lapped and then etched to frequency with ammo- 
nium fluoride solution. From four to eight plates were used in each deter- 
mination. 

The frequency of the quartz oscillator plates used in some of the solubility 
determinations was checked on a comparison oscillator before and after a run. 
The frequency is related to the thickness of a quartz plate, AT cut, by the 
formula : 

thickness (inches) = 66.5/frequency (kilocycles).§ 
A change in frequency may be used as an extremely precise method for meas- 
uring the solubility of the crystal because the volume decrease in the crystal 

7 Kennedy, G. C., The hydrothermal solubility of silica: Econ. Grot., vol. 39, pp. 29-36, 1944. 


8 Parrish, W., Machine lapping of quartz oscillator plates: Am. Mineralogist, ‘vol. 30, p. 391, 
1945. 
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can be very accurately determined. Solubilities determined by this method 
were almost identical with solubilities determined by weight change of the 
crystal. The method of measuring solubility by frequency change is consid- 
erably the more sensitive of the two methods. However, as solubility meas 
urements good to three significant figures may be determined by weight change, 
the increased sensitivity of the frequency method does not warrant the increased 
care and time required. The method will, however, be very useful in any ex- 
periments where expected weight change will be very small or where extreme 
sensitivity is required. The writer is grateful to Professor Frondel for sug- 
gesting the method and for the loan of a comparison oscillator. 

In the first solubility determinations the gauge was connected directly to 
the bomb without use of an isolating valve (Fig. 1). An appreciable quantity 
of water was required to fill the Bourdon tube in the gauge and deflect it from 
one pressure value to another. In many cases small bubbles of air were trapped 
in the Bourdon tube and proved very difficult to dislodge. The bubbles acted 
as sylphons and would shrink in size at the higher pressures and expand at the 
lower pressures, thus increasing the general uncertainty as to the amount of 
water required by the gauge. The uncertainties in the amount of water remain- 
ing in the bomb, once the pressure of the run was attained, were not of critical 
importance when large quantities of water were used, but in the determinations 
at high pressures where bombs ranged in size from 11 to 45 cc, the uncertainty 
became significant. To overcome this difficulty an isolating valve was intro- 
duced, and the following procedure was employed: If a series of determinations 
were to be made at 1,000 bars, for example, the pressure in the gauge was first 
built up to 100 bars by means of an auxiliary compressor (not shown in Fig. 1) 
or by loading the bomb with water and heating until the gauge registered 1,000 
bars. The valve was then closed, leaving a pressure of 1,000 bars in the gauge. 
The bomb was loaded with the weighed quartz plates and the appropriate 
amount of water to give 1,000 bars pressure at the desired temperature. The 
valve was opened as soon as the bomb came to temperature. If no leaks had 
developed and all calculations were correct the gauge needle remained fixed at 
1,000 bars or adjusted itself but slightly. No solution flowed into the gauge 
from the bomb. At the end of the determination, before the bomb was quenched 
and the pressure thereby lowered, the valve was closed and the pressure of 
1,000 bars was retained in the gauge in readiness for another run. 

Many factors, some of them not well understood, affect the rate at which 
equilibrium between the quartz plates and water is attained. Among the factors 
are the temperature involved, surface area of the quartz plate, the type of finish, 
i.e., smoothness or roughness of grind, and the orientation of the plate in the 
quartz crystal. 

Temperature is the largest single factor in determining time required for 
the quartz plates in the bomb to come to equilibrium with the water placed in 
the bomb. Runs of different duration were made at each of a series of tem- 
peratures. 

At temperatures near 200° C, under the conditions of the run, approxi- 
mately 100 hours is required before equilibrium is established. At 360° C the 
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time required for equilibrium ranged from four to sixteen hours, depending on 
variables to be discussed later. At temperatures of 500° C and greater, equilib- 
rium is probably attained in less than one hour. 

In most of the runs the area of quartz plate exposed to solution attack was 
about 12 cm*. The plates were suspended in the bomb, one from the other, by 
loops of platinum wire. This was done to insure a reasonably uniform distri- 
bution of quartz surface area through the attacking water solution and to pre- 
vent the plates in the bomb from adhering to each other and consequently reduc- 
ing surface area. 

Early in the research it was noted that the quality of the surface finish of 
the quartz plate has a marked effect on the time required for attainment of 
equilibrium. Smooth-lapped and well-polished crystals require much longer 
times than: rough-ground or sawed crystals, as is to be expected. The first 
determination on a freshly sawed crystal wafer is generally erratically high, al- 
most certainly the effect of mechanical dislodgment by the water solution of 
fragments of the crystal surface broken by the sawing. 

The quality of an etched surface is dependent on the type of etching solu- 

‘tion, as noted by Frondel.® According to Frondel “. . . hydrofluoric acid 
gives a coarse deeply pitted effect while the ammonium and alkali bifluorides, 
especially when containing fluoborates, give a fine-grained even effect.” Plates 
subjected to water attack for even a few hours at high temperatures quickly 
lose the frosted appearance produced by hydrofluoric acid. Water produces 
typically shallow broad etch pits, and plates so etched are transparent rather 
than frosted. 

Water has a property not common to the other known etching media, in 
that it is uniquely selective. Any reagent attacking a solid, whether by disso- 
lution or replacement, becomes more sensitive, i.e., selective, to slight variations 
in the solid, the more dilute the reagent is. Therefore, with respect to a given 
solid, it seems probable that a vigorous reagent will be less selective than a re- 
agent of different nature which is relatively weaker in its action. Now pre- 
sumably water is a “weaker” solvent of quartz, and therefore more selective 
than the concentrations of fluoride compounds ordinarily used. Water may 
thus be “uniquely selective” because it is uniquely feeble with respect to quartz. 
As a result ridges and valleys, parallel to the rhombohedral faces, appear on 
what were initially apparently homogeneous quartz plates. These are pro- 
duced by more rapid solution rates along some of the growth-zones in the 
quartz crystal than along others. These alternating ridges and valleys have 
much the same appearance as the smoky bands developed in quartz oscillator 
plates by X-rays, described by Frondel.’° The two effects, differential rates of 
solution along certain zones and differential color response to X-rays, probably 
result from variation in composition in the quartz crystal. One plate, which 
showed marked differential solution rates, was subjected to X-rays. Sharp 
smoky bands appeared coincident with the solution bands. 


® Frondel, Clifford, Final frequency adjustment of quartz oscillator plates: Am. Mineralogist, 
vol. 30, pp. 416-431, 1945. 

10 Frondel, Clifford, Effect of radiation on quartz: Am. Mineralogist, vol. 30, pp. 432-446, 
1945. 
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The rate of solution, and resultant rate of attainment of equilibrium, is de- 
pendent upon the orientation in the crystal of the plate subjected to solution 
attack. Plates cut parallel to the basal plane (0001) of the quartz crystal ap- 
pear to reach equilibrium with the solution in one-fourth to one-half the time 
required by a plate cut parallel to the rhomb face. Differing solution rates 
along different crystallographic directions in quartz have been noted by others. 
Sosman ** refers to the work of Miigge ** who etched different thin quartz 
plates in 40 percent hydrofluoric acid. The rate of weight loss, in mg per 100 
sq mm per minute, ranged from 0.46 for the basal plane to 0.003 for the hex- 
agonal prism, a range of over 100-fold. 

A range in solution rates is not unexpected, and it might be anticipated that 
the basal plane would dissolve most readily. A crystal tends to be bounded by 
a surface of least free energy and, as the basal plane is practically unknown on 
naturally occurring quartz crystals, it is probable that it has higher free energy 
per unit surface area than either a rhomb or hexagonal prism face, but it is sur- 
prising that the magnitude of the differing solution rates should be so large. 
The same total amount of silica should be in solution at equilibrium, however, 
with wafers cut parallel to either of the crystallographic faces. 

Even with such factors as temperature, area of quartz surface, type of sur- 
face finish, and cut of the quartz plate carefully controlled, considerable dif- 
ferences were noted in the time required for solution equilibrium to be attained. 
Certain groups of quartz plates required as little as four hours to attain equilib- 
rium with water at 360° C, while other groups required as long as 16 hours. 
The variation suggests that some unknown variable, possibly in the experi- 
mental procedure, affected the time required for equilibrium. The writer is at 
a loss to explain this variability and can only suggest that rates of solution vary 
from quartz crystal to quartz crystal, possibly with minute compositional dif- 
ferences in the quartz. No difference in absolute amount of quartz in solution 
at equilibrium was detected. Water is a vastly weaker etching medium than 
are any of the fluorine compounds, as is indicated by the previously described 
deep solution zones selectively produced parallel to the rhomb face. These 
zones, in themselves, show that rate of solution is dependent on slight com- 
positional differences within the crystal, and even larger variations from crys- 
tal to crystal are to be expected. 


THE EXPERIMENTAL RESULTS. 


A total of 294 determinations of solubility of quartz in water have been 
made to date. The bombs were held at temperature and pressure for periods 
ranging from two hours to ten days. The majority of these determinations 
were runs of 20 to 30 hours. Only a portion of the runs are listed below. The 
runs not listed are those undertaken to determine rate at which equilibrium 
is attained at various temperatures, effect on solubility of different types of 
bomb cavity lining and runs discarded because of contamination by iron oxides. 

11 Sosman, R. B., The properties of silica: Am. Chem. Soc. Monograph Series, pp. 510-511, 
Reinhold Publishing Corp., New York, 1927. 


12 Miigge, V. O., Die Zersetzungsgeschwindigkeit des Quarzes gegeniiber Flussiure, pp. 96- 
126, Festschrift Harry Rosenbusch, Stuttgart, 1906. 
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TABLE OF EXPERIMENTAL RESULTS. 
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TABLE OF EXPERIMENTAL RESULTS—Continued. 
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r Determinations in the two-phase region—Continued. 
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400 bars 361 | 60 0.107 
400 bars 392 40 0.102 
400 bars 407 48 0.094 
: 400 bars 430 21 0.0655 
I 400 bars 453 26 0.046 
} 500 bars | 317 | 96 0.087 
500 bars 343 46 0.105 
500 bars 368 | 16 | 0.118 
500 bars 380 | 22 | 0.118 
500 bars 395 | 22 0.119 
500 bars 396 26 0.118 
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500 bars 438 18 0.099 
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| 
600 bars 401 39 0.138 
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600 bars | 442 | 25 | 0.134 
600 bars 478 24 | 0.115 
‘ 600 bars 506 18 | 0.106 
600 bars 507 5 | 0.107 
600 bars 545 24 | 0.100 
600 bars 605 22 0.098 
750 bars | 330 23 0.104 
750 bars 355 20 0.123 
750 bars 378 52 0.144 
750 bars | 410 20 0.154 
750 bars | 436 15 } 0.160 
750 bars 449 } 23 0.159 
750 bars 504 27 0.1635 
' 750 bars 553 9 0.166 
750 bars 559 | 18 0.167 
1000 bars 256 72 0.063 
1000 bars 280 48 0.078 
1000 bars 317 | 45 0.105 
1000 bars 333 35 | 0.119 
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1000 bars 382 11 0.161 
’ 1000 bars 411 21 0.181 
1000 bars 416 18 0.186 
1000 bars 452 18 0.212 
1000 bars 492 18 0.234 
1000 bars 542 7 0.250 
1250 bars 394 42 | 0.189 
\ 1250 bars 610 22 0.456 
1500 bars 427 26 0.240 
} 1500 bars | 429 30 0.271 
1500 bars 442 20 0.277 
| 
1750 bars 413 23 0.255 
1750 bars 435 22 0.306 
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Similarly, determinations made to examine relative rates of solution of quartz 
plates cut with different crystallographic orientation are not shown. A few de- 
terminations recorded in the tables are not plotted on the accompanying figures 
as they fall off the scale of the graphs. 

Several runs were abandoned in the early stage of the investigation because 
of slow leaks which caused a general slow drop in pressure during the course 
of the runs. Indeed, one of the main functions of the pressure gauge and asso- 
ciated fittings is that of informing the experimenter when a small leak devel- 
ops. The importance of this matter and the sensitivity of the results to slight 
pressure changes was impressed upon the writer time and again during the 
course of the experiments. The writer has but limited faith in the experiments 
described in the geological literature wherein pressure has not been measured 
but was computed on the basis of “degree of filling.” In many cases the com- 
putation has been made for solutions which depart widely from water in their 
behavior.** The use of highly inaccurate P-v-T tables for water has contributed 
additional error. And even if the initial pressure were essentially as computed, 
slow leakage and its effects on results would not be detected. 

The accuracy of the determinations is believed to be high. Most of the 
points in the foregoing tables lie within 0.001 weight percent or 1° C of smooth 
isobaric curves and duplicate runs generally agree within + 0.001 percent. 
The few determinations given for pressures above 1,000 bars are not of com- 
parable accuracy and are included only to show the general position of these 
isobars. 

The solubility values have been plotted and isobaric curves are shown in 
Figure 2. Determinations at fourteen temperatures delineate the three-phase 
region. These determinations have been made at the vapor pressure of the 
solution, which in no case departs measurably from that of pure water. At 
temperatures below 140° C the solubility of quartz is so small that it cannot be 
measured by the methods employed. The solubility of quartz in liquid water 
rises at a fairly constant rate until a temperature of approximately 332° C, at 
which point it reaches a maximum of approximately 0.075 percent. At tem- 
peratures above this the solubility in liquid water falls off sharply until the 
critical temperature of approximately 374.11° C is reached. At this point the 
solubility is approximately 0.023 percent. The solubility of quartz in satu- 
rated vapor in equilibrium with liquid and with crystalline quartz—that is, along 
the three-phase boundary—is almost immeasurably small until a temperature 
of 370° C and pressure of approximately 210 atmospheres are reached. From 
370° to 374.11° C the solubility in the vapor phase increases rapidly along the 
three-phase boundary, until at 374.11 the solubility reaches the value of the 
liquid at this temperature, 0.023 percent. At the critical temperature and pres- 
sure, the “liquid” and the “vapor” become indistinguishable and the solubil- 
ity curves showing solubility of quartz in liquid, and quartz in vapor, meet at 
a point called the lower critical end-point of the system. The presence of this 
end-point implies the presence of a second critical end-point at higher temper- 

18 For indication of difference in behavior of saturated salt solutions and pure water see 


Benedict, Properties of saturated aqueous solutions of potassium chloride at temperatures above 
250° C: Jour. of Geology, vol. 47, pp. 252-276, 1939. Figure 7 is very revealing. 
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atures, and presumably higher pressures, toward the quartz-rich end of the 
H2O-SiOz system. 

It has been assumed throughout the previous discussion that the lower 
critical end-point in the silica-water system, with only 0.023 percent silica dis- 
solved, would be at the critical temperature of pure water, 374.11° C. Actually 
this is not the case. The lower critical end-point should be a small fraction of 
a degree above this temperature and should lie along a smooth curve connect- 
ing the critical temperature of water with that of molten silica. This entire 
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Fic. 2. Isobaric solubility curves. 


matter has been considered at great length by Niggli, Morey and Ingerson in 
a series of papers.** Morey and Ingerson cite the pioneering work of Smits on 


14 Niggli, P., Zeitschr. Anorg. Chem., vol. 75, p. 161, 1912; vol. 77, p. 321, 1912; Centralbl. 
Mineralogie, pp. 321-338, 1912; Neues Jahrb., vol. II, p. 69, 1914. 

Morey, G. W., and Niggli, P., Am. Chem. Soc. Jour., vol. 35, p. 1086, 1913. 

Morey, G. W., The development of pressure in magmas as a result of crystallization: Wash- 
ington Acad. Sci. Jour., vol. 12, p. 219, 1922; Relation of crystallization to the water content and 
vapor pressure of water in a cooling magma: Jour. Geology, vol. 32, p. 291, 1924. 

Morey, G. W., and Ingerson, E., The pneumatolytic and hydrothermal alteration and synthesis 
of silicates: Econ. Grot., vol. 32, pp. 611-626, 1937. 
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the system ether-anthraquinone, one of the earliest studies of a system exhibiting 
critical end-points.*® Smits has given thermodynamic proof ** that “in the re- 
gion near the critical end-point the solubility in the vapor phase must increase, 
while that in the liquid must decrease. This qualification depends upon a 
purely local, continuous and thermodynamically determinate phenomenon.” " 

Unfortunately, there appears to be no ready means of calculating the eleva- 
tion of the critical temperature by the presence of a non-volatile dissolved in a 
volatile. The critical temperature of the pure non-volatile component plays a 
role in determining the position of the smooth curve along which lie the critical 
temperatures of the two pure components in the system as well as both the 
lower and the upper critical end-points in the system. If it is assumed as a 
very crude approximation that a straight line curve in the silica-water system 
passes through all these points, the temperature of the lower critical end-point 
will be approximately 0.4 degrees above that of pure water. Unfortunately, the 
methods used in this investigation were not sufficiently sensitive to determine 
the effect of dissolved silica on the elevation of the critical point and on the 
vapor pressure of water along the three-phase boundary. 

At pressures above those of the three-phase region the system is divariant. 
The divariant portion of the system has been broken up into two two-phase 
regions, one lying at temperatures above those of the critical boundary curve 
and the other lying below that curve. The lower two-phase region is that of 
quartz plus silica-saturated liquid water, the upper two-phase region is quartz 
plus silica-saturated water gas. The boundary between the two fields is shown 
as a nearly vertical dashed line in Figures 2 and 4. However, the position of 
this line should be slightly inclined and slope somewhat toward higher temper- 
atures as the amount of dissolved silica increases. The position of this line is 
actually indeterminate and its existence hypothetical in that it has no experi- 
mentally demonstrable reality. The ling connects those points on the tempera- 
ture-composition plot which separate solutions which have surface tension from 
those which do not have surface tension. As pressures are super-critical, it is 
impossible to demonstrate the existence of surface tension. When the pressures 
are lowered to a region in which surface tension can be demonstrated, 1.e., the 
three-phase region, the composition of the solution changes. 

The major reason for the indeterminate position of the boundary between 
the liquid and the gas region is that most of the properties of the two phases 
have so changed in approaching the boundary as to become identical at the 
boundary. Further, the higher the pressure the less pronounced is the differ- 
ence between the two phases. Some workers have therefore preferred to aban- 
don the distinction between liquid and gas in this region, and apply the term 
“fluid phase,” applicable alike to both sides of the boundary. It seems wise to 
the writer to maintain the distinction insofar as it is’ possible. A quartz-rich 
liquid might, for instance, be encountered at some temperature and pressure on 
the quartz-gas region, and would mean only that the second or upper three- 


15 Smits, A., Koninkl. Akad. Weltenschappen Amsterdam Proc., vol. 14, p. 191, 1911; 
Zeitschr. physikal. Chemie, vol. 52, pp. 587-601, 1905. 

16 Smits, A., Koninkl. Akad. Weltenschappen Amsterdam Proc., vol. 14, p. 170, 1911. 

17 Morey, G. W., and Ingerson, E., op. cit., pp. 617-618. 
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phase region had been entered. It would not be “liquid immiscibility,” but 
solely a gas-liquid phase difference of the same general type already encoun- 
tered in the system. Liquid immiscibility would result only in case a second 
liquid were encountered at temperatures below the critical boundary line. The 
confusion in distinguishing between “normal” gas-liquid equilibrium and true 
liquid immiscibility is apparent in the literature, as Morey has appropriately 
pointed out.*® There is no evidence of liquid immiscibility in the results to date 
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Fic. 4. Isovolumetric solubility curves. 


in the silica-water system. If present at all it must lie at pressures well over 
1,000 bars. 

Examination of Figure 2 shows a remarkable similarity in general form of 
the diagram to that showing isobars of water where specific volume is plotted 
against temperature (Fig. 3). If the 1,000-bar curve showing volume of water 
plotted against temperature is placed along the 1,000-bar curve showing solu- 
bility of quartz in water, the two sets of curves appear to be mirror images of 

18 Morey, G. W., discussion of paper by F. Gordon Smith, Transport and deposition of the 


non-sulfide vein minerals. III. Phase relations at the pegmatitic stage: Econ. Grot., Vol. 44, 
pp. 151-154, 1949, 
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each other. The low pressure isobars in both cases show sharp inflections 
near the critical region with the position of the inflection point progressing to 
higher temperatures as high pressure regions are reached. The degree of in- 
flection in both sets of curves likewise decreases as higher pressures are reached, 
and inflection in the 1,000-bar curves is barely evident. The curves show that 
within the investigated region quartz has a positive isobaric temperature coeffi- 
cient of solubility only at pressures somewhat above 700 bars. At pressures 
below 700 bars there is a temperature region in which quartz shows retrograde 
solubility, that is, a negative temperature coefficient of solubility. At a pres- 
sure of approximately 700 bars there is a temperature region, extending from 
about 420° C to the highest explored temperatures, 560° C, in which the iso- 
baric solubility curve is essentially horizontal, with zero temperature coefficient. 

The above results are consistent with recent experience in the artificial 
growth of quartz. In attempts to grow quartz in the super-critical region by 
the method of Spezia,’® it has been noted that when one end of a bomb is heated 
and the other cooled, at pressures below 700 bars the quartz growth takes place 
in the hot end of the bomb. At pressures above 700 bars the quartz growth 
takes place in the cold end of the bomb. 

The reason for the retrograde solubility of quartz at low pressures is evi- 
dent upon inspection of the P-v-T relations for water if we postulate that solu- 
bility is dependent on concentration of water molecules. At low pressures, 
that is, pressures only slightly greater than the critical pressure of water, 221 
bars, there is a sharp and very great decrease in the specific gravity of water 
near the critical temperature. For instance the specific gravity of water vapor 
under 250 bars pressure changes from 0.439 at 380° C to 0.165 at 400° C. Any 
tendency toward increased solubility at 400° C over 380° C, due to the higher 
temperature, would be much more than offset by the sharp decrease in the num- 
ber of water molecules per unit volume. At the higher pressures where the 
rate of change in number of water molecules per unit volume with rise in tem- 
perature is less, there will be a much smaller decrease in solubility with increas- 
ing temperature. The assumption, then, of close dependence of solubility on 
density of solvent explains the similarity just previously pointed out between 
the solubility isobars in Figure 2 and the isobars of water where specific volume 
is plotted versus temperature. 

The reader should be cautioned at this point that the solubility results shown 
in Figure 2 are computed in terms of weight percent. Had the results in Figure 
2 been plotted on a basis of volume per cent, i.e., as grams silica per cc vapor, 
the same general form of diagram would have resulted, but the break in slope 
of the curves would be vastly accentuated. In this latter case, as the density of 
the solvent became less, due to rise in temperature along some isobar, not only 
would the solvent power per gram of solution *° but the number of grams of 
solution per unit volume would also decrease and the tendency of the curves to 
spread out in the region near and above the critical temperature would be much 
more marked. 

19 Spezia, Giorgio, Contribuzioni sperimentali alla cristallogenesi del quarzo: Accad. sci. 
Torino, Atti, vol. 41, pp. 158-165, 1905. 


20 The writer does not imply liquid by use of the term solution. A gas containing dissolved 
solids is regarded as truly a solution as is a liquid containing dissolved solids. 
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From the foregoing it is apparent that the density of solution is changing 
at varying rates along each isobar. It may, for convenience and as a first ap- 
proximation, be assumed that, even in the region of maximum solubility, the 
density of the solution does not depart markedly from that of pure water. It is, 
therefore, possible to select points on each isobar which have given specific 
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volumes by reference to P-v-T tables for water. This has been done, and the 
isovolumetric solubility curves, ranging in specific volume from 1.4 to 4.0, are 
shown in Figure 4. 

Several interesting features appear in the plotted isovolumetric solubility 
curves. The slopes of the previously discussed isobaric curves are influenced 
by two factors of opposite sign, the temperature coefficient of solubility and the 
changing density of the solution. The latter variable has been eliminated in 
the isovolumetric plot, so, as is to be anticipated, much more regularity and 
system appears in the family of curves shown in Figure 4. Solubility is almost 
linear with temperature until a pressure of approximately 600 bars is reached. 
Above this pressure there is a tendency ior solubility to increase at much more 
than linear rate. The curves trend rapidly to higher solubilities at the higher 
temperatures. It is also interesting to note in Figure 4 that the point of in- 
flection in each of the isobaric curves comes at a specific volume of approxi- 
mately 1.6-1.7. At pressures below 700 atmospheres, the solubility along an 
isobaric curve reaches a maximum at this density. 

It is further apparent from examination of the isovolumetric curves that in 
the critical boundary neighborhood, the property of a solvent which makes it a 
liquid as contrasted with the property of a solvent which makes it a gas has 
little or nothing to do with its efficacy as a solvent. The isovolumetric curves 
across the critical boundary line separating the two two-phase regions with no 
indication of a break or even change in slope of the solubility curve. 

The described isovolumetric solubility curves show the effect of temperature 
on solubility. To indicate the effect of changing density on solubility, iso- 
thermal curves are plotted. These are shown in Figure 5 where solubility is 
plotted versus specific volume of solution, and points at constant temperature 
are connected by smooth lines. In this plot the critical boundary curve separat- 
ing the two two-phase regions appears as a curved line and the quartz-plus- 
liquid field is a scimitar-shaped area terminated at the critical end-point. 

The isothermal curves appear to be approximately asymptotic to the axes 
of the graph with zero solubility when the specific volume becomes infinite and 
infinite solubility, i.e., miscibility in all proportions at the higher temperatures 
when pressure is sufficiently great. The second of these influences, however, is 
certainly not proved and must for the present be viewed with great reservation. 

The relative change in density in going from specific volume 1 to 2 is greater 
than that in going from specific volume 2 to 3, which in turn is greater than that 
in going from 3 to 4, etc. This decreasing rate of density change accounts for 
the fact that the isothermal solubility curves are not linear with specific volume. 
When solubility is plotted against the logarithm of the specific volume (plot not 
figured) the curves become almost linear. 

An equation may be formulated from these data that gives the solubility of 
silica in water with fair accuracy up to 1,000 bars. The solubility increases 
with temperature and decreases with the logarithm of the specific volume of the 
solution. The equation is of the form 


S =—A f (t) log 
( 
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where S is solubility, A is a constant, ¢ is temperature and d is density of solu- 
tion. It will be interesting to learn whether an equation of this form describes 
solely the silica-water system or whether it will serve as a general expression 
of the solubility of solids in volatile solvents. 


DISCUSSION. 


The general character of the silica-water system as described in the fore- 
going pages has been long suspected, though precise measurements over much 
of the system were lacking. Hannay and Hogarth were apparently the first to 
recognize that compressed gases might serve as solvents for non-volatile ma- 
terial. Their results appeared in a series of articles ** and have been cited by 
Knopf,”? Ingerson,”* and Gillingham.** 

Hannay and Hogarth say : “We have, then, the phenomenon of a solid with 
no measureable gaseous pressure dissolved in a gas, and not being affected by 
the passage of its menstruum through the critical point to the liquid state, show- 
ing it to be a true case of gaseous solution of a solid.” ** Many of Hannay’s 
observations are contradictory, however, and even though he was, in general, 
correct, much of the material he presents is demonstrably erroneous. As a re- 
sult, Hannay’s important work and brilliant deductions in the field of solubility 
phenomena in gases have not been as widely recognized or accepted as they 
deserve to be. 

Ingerson * in 1934 presented an excellent summary of the information to 
that date on volatile transport of the non-volatile compounds and emphasized 
the importance in geological process of this phenomenon. Morey *’ in 1942 
discussed physico-chemical aspects of gas-solid systems and indicated the mag- 
nitude of solubility of solids in gases by stating, “Some results, as yet uncon- 
firmed, indicate over 50 percent by weight [presumably sodium disilicate] of 
solid material in solution in the vapor.” Certain aspects of gas-solid systems 
have been recently discussed by Gillingham,”* who presents a “hypothetical” 

21 Hannay, J. B., and Hogarth, J., On the solubility of solids in gases, I: Royal Soc. London 
Proc., vol. 29, pp. 324-326, 1879; and vol. 30, pp. 178-188, 1879-1880. 


On the state of fluids at their critical temperature: Royal Soc. London Proc., vol. 30, pp. 
478-484, 1879-1880. 

On the solubility of solids in gases, II: Royal Soc. London Proc., vol. 30, pp. 484-489, 1879— 
1880. 

On the states of matter: Royal Soc. London Proc., vol. 32, pp. 408-413, 1881. 

On the limit of the liquid state: Royal Soc. London Proc., vol. 33, pp. 294-321, 1881-1882. 

22 Knopf, A., Geology and ore deposits of the Yerington District, Nevada: U. S. Geol. Survey 
Prof. Paper 114, pp. 44-45, 1918. 

23 Ingerson, E., Relation of critical and supercritical phenomenon of solutions to geological 
processes: Econ. Geot., vol. 29, pp. 457-459, 1934. 

24 Gillingham, T. E., The solubility and transfer of silica arid other non-volatiles in steam: 
Econ. Geot., vol. 43, pp. 242-271, 1948. 

25 Cited by Ingerson, E., op. cit., p. 485. 

26 Ingerson, E., op. cit. 

27 Morey, G. W., Solubility of solids in water vapor: Am. Soc. for Test. Mat. Proc., vol. 42, 
pp. 980-988, 1942. 

28 Gillingham, T. E., The solubility and transfer of silica and other non-volatiles in steam: 
Econ. Gerot., vol. 43, pp. 242-271, 1948. 
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solubility diagram for the system silica-water almost identical with Figure 2 of 
this paper.*® 
APPLICATIONS TO GEOLOGICAL PROBLEMS. 


It has been assumed by most geologists that hydrothermal solutions are di- 
lute and tenuous. It is dangerous, however, to extrapolate from such extremely 
dilute and tenuous solutions as those encountered in the investigated portion 
of the silica water system, to the more complex solutions, with probable larger 
burdens of solute, that presumably constitute the “vein-forming” agent. There 
is even no certainty that critical phenomena can or do exist in such complex 
natural solutions. The critical temperature will be raised insofar as large 
quantities of non-volatile solutes are carried in the solution. However, the 
presence of gases, such as CO» and the volatile halogens will lower the critical 
temperature of the solution. It seems most likely, however, that in net effect 
the critical temperature of natural hydrothermal solutions will have a critical 
temperature somewhat above that of pure water. As a consequence the three- 
phase region will extend to higher temperatures than are shown in Figure 2 
and the relative importance of liquids as a transporting medium will be in- 
creased while that of gases will be diminished. 

Little evidence is available as to the amount that we might expect the lower 
critical end-point to be raised. First, the composition of the natural hydro- 
thermal solutions is not known, and second, the influence of solutes on raising 
the critical end-point is known only for a few special systems that are much 
different in composition from those presumed to be of geological importance. 
Centnerszwer,*° with various collaborators, studied the effect of various sub- 
stances in organic solvents. He found, for example, that 16 percent triphenyl- 
methane dissolved in ethyl ether raises the critical temperature from 194° C to 
240.5° C and raises the critical pressure from 36 to 54 atmospheres. Centners- 
zwer’s results are summarized and reviewed by Ingerson.** The results of 
Schroer ** are more germane to geological problems in that they relate to 
water-halide systems. A solution of 5 percent KCl shows an elevation of the 
critical temperature of about 38° C and 4.7 percent of NaCl raises the critical 
temperature about 36.5° C. At corresponding change the elevation of the crit- 


29 The figures and data for Figure 2 of the present paper were presented at the American 
Geophysical Union meetings in the spring of 1948 and a copy of Figure 2, presented in this 
paper, was made available to Professor Gruner in 1947. (At that time no determinations above 
1,000 bars had been completed.) 

80 Centnerszwer, M., Uber kritische Temperaturen der Lésungen: Zeitschr. physikal. Chemie, 
vol. 46, pp. 427-501, 1903. 

Centnerszwer, M., and Zoppi, M., Uber kritische temperaturen der Lésungen, II: Zeitschr. 
physikal. Chemie, vol. 60, pp. 441-450, 1907. 

Centnerszwer, M., and Pakalneet, A., Die kritische Drucke der Lésungen: Zeitschr. physikal. 
Chemie, vol. 55, pp. 303-304, 1906. 

Centnerszwer, M., and Kalnin, A., Die gemeinsame kritische Kurve der Lésungen in Pentan: 
Zeitschr. physikal. Chemie, vol. 60, pp. 441-450, 1907. 

Centnerszwer, M., Uber kritische Temperaturen der Lésungen, III: Zeitschr. physikal. 
Chemie, vol. 61, pp. 356-376, 1907-08. 

81 Ingerson, E., The relation of critical and supercritical phenomenon of solutions to geo- 
logic processes: Econ. Grot., vol. 29, pp. 454-468, 1934. 

82 Schréer, E., Untersuchungen tiber den kritischen Zustand: Zeitschr. physikal, Chemie, vol. 
129, pp. 79-110, 1927, and vol. 142, pp. 365-390, 1929. 











648 GEORGE C. KENNEDY. 


ical end-point for the silica-water system with 0.023 percent SiO, dissolved 
would be approximately 0.175° C. It is quite possible, however, to conceive 
of hydrothermal solutions with as much as 10 percent dissolved solutes. As the 
critical temperature of silicates is much higher than the critical temperature of 
the halides, it is possible, or even likely, that the elevation of the critical end- 
point will be correspondingly greater for a given mole fraction of silicates in 
solution than for a given mole fraction of halides.** 

For these several reasons, therefore, it would be unsafe to conclude from the 
investigated portion of the silica-water system that the dominant transport of 
solutes, whether of SiO» or other, in vein-forming hydrothermal systems is by 
supercritical gases. 

Certain pertinent inferences as to naturally occurring solutions may, how- 
ever, be made. It appears likely that the role of pressure release in bringing 
about deposition of ores from solutions has been underestimated. The effect 
of pressure is primarily that of its influence on the volume of a system. As 
water, the dominant component of hydrothermal systems, has relatively small 
compressibility at room temperature, marked changes in pressure in the mod- 
erate ranges of temperature will not greatly affect the volume of a liquid system 
and therefore will have but little influence on solubility. Adams ** has deter- 
mined that at 25° C a pressure of 4,000 atmospheres causes an increase in solu- 
bility of NaCl in water of only 1.3 percent. These and related experiments have 
created an impression among geologists that pressure is of subsidiary impor- 
tance to temperature in hydrothermal processes. However, at high tempera- 
tures, when the H2O has expanded so that pressure plays a large role in deter- 
mining the volume of the system, changes in pressure are marked by major 
changes in solubility. At 550° C a drop in pressure from 1,000 bars to 500 
bars, a 50 percent change in pressure, will cause a change in solubility in the 
silica-water system from 0.252 to 0.067 percent of dissolved silica. In this 
case about 74 percent of the material in solution is precipitated. It seems likely 
that in the supercritical region or in the region where the liquids involved have 
abnormally high compressibility, decreasing pressure may play the primary role 
in bringing about deposition of vein materials from hydrothermal solutions in 
that part of their journey where these conditions prevail. In the region where 
relatively dense liquids dominate, presumably at moderate to low temperatures 
and somewhat below the temperature of the lower critical end-point for those 
systems which show critical phenomena, declining temperature may be the 
important factor in bringing about deposition of solutes from ascending hydro- 
thermal solutions. Because of the striking behavior of HzO as regards specific 
volume well below and well above its own critical temperature and pressure, and 
its indicated tenacity to preserve this behavior in water-rich solutions, it may 
be, and it seems likely, that, even in HzO solutions which do not show critical 
phenomena, this trait of local high compressibility of the H2O will persist and 
give to changing pressure an important degree of control on solubility. 

383 It has been pointed out to the author by Mr. G. J. Fraser MacDonald that silica may dis- 
solve in water as the compound Si(OH),. This compound may be analogous structurally to the 
better-known volatile compound SiF,. In this event it is possible that silica will have far less 
effect on the critical end-point than is estimated by the writer. (It is even possible that the crit- 


ical end-point in the SiO,-H,O system is lower than the critical temperature of pure water.) 
84 Adams, L. H., Amer. Chem. Soc. Jour., p. 3769, 1931. 
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The geological position of certain ore deposits may be partially explained 
by an appeal to the effect of pressure changes on solubility. It is the general 
experience of mining geologists that ore deposits of the “hydrothermal” type 
occur within a given geological framework at loci of greatest permeability. 
Majority opinion is that ascending solutions are channeled through the per- 
meable zones and therefore deposit their burden of solute in them. However, 
in some cases “feeder channels” to these more permeable ore-rich loci are tight 
fractures, essentially barren of minerals. In such cases surely as much solution 
ascended through the narrow feeding channels as entered the loci of the ore 
deposits. It seems unlikely that the factor of channeling could have been the 
major cause of localization of the ores. 

An alternative explanation, which may be of importance in certain ore de- 
posits, is suggested by the behavior of the silica-water system. The ore solu- 
tions, on emerging from the tight, restrictive feeding channelways and entering 
an area of thoroughly fractured ground or highly porous rock, would probably 
undergo considerable expansion, the extent of which would depend on pressure 
and velocity of solution flow. The change in volume of the solution would be 
accompanied by precipitation of a portion of the mineral burden. The expan- 
sion would also be accompanied by a temperature drop due to adiabatic cooling 
of the solution and the tendency of the solution to precipitate its solute would be 
further enhanced. 

A solution may, in imagination, be traced from its magma source to the sur- 
face of the earth. It seems likely that at its source the pressure on the solution 
is lithostatic, that is, approximately equal to the weight of the overlying rock 
column. The solution rises along a channelway and at some point, possibly 
near surface, possibly deep, the channelway will become “open” and the solution 
will be under a pressure approximately equal to the weight of the overlying 
column of liquid. The pressure will have decreased from lithostatic to approxi- 
mately hydrostatic. The transition may be over a broad or narrow region, 
which may correspond to the transition from the “zone of rock flow” to the 
“zone of rock fracture.” It seems likely that if the solution enters the zone, 
gradational from lithostatic to hydrostatic in pressure, at any considerable tem- 
perature, extensive precipitation of solute might well take place. 

Another possible temperature-pressure history of a solution must be pointed 
out. Ifa solution happens to reach a low-pressure environment, assume for 
instance 250 bars, at a temperature near or slightly above its critical tempera- 
ture, most of the initial solute would presumably have been already extracted 
from the solution. Upon further cooling, the solution will become an active 
solvent. This happens, of course, because marked density changes take place 
in this temperature-pressure region and strong retrograde solubility is shown 
at low pressures and high temperatures (Fig. 2). Some such retrograde solu- 
bility phenomenon as this might account for those diatreme-like structures 
which have been interpreted as solution and collapse features, such as have 
been described in some detail by Schmedeman ** and Locke.** 

85 Schmedeman, O. C., Interrelated problems of volcanic activity and ore genesis, Ph.D. dis- 


sertation, Harvard University, 1937. 


36 Locke, A., The formation of certain ore bodies by mineralization stoping: Econ, Grot., vol. 
21, pp. 431-453, 1926. 
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It should be emphasized again, however, that extrapolation from the inves- 
tigated portion of the silica-water system to naturally occurring hydrothermal 
solutions should be undertaken only with extreme caution and full awareness 
of the limitations of the present data. 


WORK WITH SILICA GLASS AND COLLOIDAL SILICA. 


In order to ascertain the solubility of SiO2 in HO under varying condi- 
tions, it is obvious that an excess of the solid phase be present at all times. For 
most of the work prior to that described in this paper, some form of amorphous 
silica was chosen as the solid phase. In the experiments recorded in this paper, 
crystalline quartz has been used, not only because of convenience but because 
quartz is by far the most abundant form of SiO, present in rocks through which 
ascending hot solutions move. 

It is desirable at this point, however, to compare briefly the respective results 
when other forms of silica constitute the solid phase. This also affords the 
opportunity to acknowledge and correct certain errors made by the writer in 
an earlier paper. 

Lenher and Merrill ** and Hitchen ** determined the solubility of amorph- 
ous silica in water at its vapor pressure. Lenher and Merrill report measure- 
ments to 90° C and Hitchen carried the measurements to 340° C. 

The writer published measurements of the solubility of fused quartz in water 
at the 300 isobar.*® The results with fused quartz indicated considerably lower 
solubility than C. S. Hitchen and others had obtained with amorphous silica. 
The writer, drawing heavily from results of Frondel,*° and Moore and May- 
nard,** believed Hitchen and others had actually determined a peptization equi- 
librium and that their results combined in unknown amount true solubility and 
colloidal dispersion. Hitchen ** has replied to the criticism with the suggestion 
that an equilibrium between molecular dispersion, colloidal dispersion, and the 
solid phase would “appear . . . to be the only type of solubility to be expected.” 

Further information has become available that is pertinent to this problem. 
The writer was most assuredly wrong when he suggested that Hitchen and, in 
particular Lenher and Merrill,** confused true solubility with colloidal disper- 
sion. Dienert and Wandenbulcke “* and Harmon * indicate that the ammo- 
nium molybdate test will not determine colloidal silica, since it reacts only to 
silica in true solution. It has recently been found that the silica which is dis- 

37 Lenher, V., and Merrill, H. B., Amer. Chem. Soc. Jour., vol. 39, p. 2630, 1917. 

88 Hitchen, C. S., A method for the experimental investigation of hydrothermal solutions, with 
notes on its applications to the solubility of silica: Inst. Min. Met. Bull., 44th session, pp. 255- 
336 (Printed 1936). 


89 Kennedy, G. C., The hydrothermal solubility of silica: Econ. Gror., vol. 39, pp. 25-36, 
1944, 

40 Frondel, C., Stability of colloidal gold under hydrothermal conditions: Econ. Grot., vol. 
33, pp. 1-20, 1938. 

41 Moore, E. S., and Maynard, J. E., Solution, transportation and precipitation of iron and 
silica: Econ. Grot., vol. 24, pp. 365-402, 1929. 

42 Hitchen, C. S., The “solubility” of silica: Econ. Grot., vol. 40, pp. 361-365, 1945. 

43 Lenher, V., and Merrill, H. B., Am. Chem. Soc. Jour., vol. 39, p. 2630, 1917. 

44 Dienert, F., and Wandenbulcke, F., Determination of silica in waters: Acad. Sci. Paris 
Comptes rendus, vol. 176, pp. 146, 1478-1480, 1923. 

45 Harmon, R. W., Aqueous solutions of sodium silicate: Phys. Chem. Jour., vol. 31, pp. 616—- 


625, 1927. 
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solved in water in equilibrium with amorphous, very finely divided silica, is 
completely reactive with the molybdate reagent, and therefore appears to be 
present in true solution rather than in colloidal form. This is in agreement 
with Jander and Jahr,*® who measured the diffusion coefficient of silica from 
silica gel. They deduced that in all these solutions the SiOz is “crystalloidally, 
not colloidally dissolved.” It is present in true solution and goes smoothly 
through membrane filters of small pore size. A diffusion coefficient of 0.53 
was determined, according to Jander, almost conclusive evidence of monomo- 
lecular silicic acid. The problem of silica in natural waters has also been re- 
cently reviewed by Roy,** who believes, as the result of a thorough examination 
of the geological and chemical literature, that most of the silica in natural wa- 
ters is in solution as the silicate ion, presumably SiO;~*, and not as colloidal 
silica as is generally stated. 

All these facts taken together, particularly the observations of Jander and 
Jahr, indicate that the soluble silica which is apparently in equilibrium with 
the solid phase of amorphous silica, is present in solution in the monomeric 
condition. The next question which therefore arises, is whether or not amorph- 
ous silica has a true equilibrium solubility in water. Correns ** determined the 
amount of dissolved silica in natural water in equilibrium with silica gel and 
obtained values almost identical with those of Lehner and Merrill, results com- 
pletely consistent with the higher temperature studies of Hitchen. In the solu- 
tions studied by Correns, equilibrium between silica gel, prepared by neutraliz- 
ing silicon tetrachloride and water, was obtained in 7 to 8 days at 94° C. There 
is a Slow increase in the amount of silica in solution up to one week ; beyond that 
the amount remains essentially constant. A marked dependence of solubility 
upon pH was also noted. Solubility measurements at 20° C range from 390 
p-p.m. at pH 3 to 3780 p.p.m. at pH 11. Solubility again increased in solutions 
of greater acidity than pH 3. 

The uniform results of such workers as Hitchen, Lehner and Merrill, and 
Correns, suggest that amorphous silica, particularly those types having a high 
specific surface area, has a rather definite equilibrium solubility in water. How- 
ever, the fact that certain impurities, particularly aluminum ions, can strongly 
affect the rate of solution and possibly also the equilibrium solubility, has been 
shown by Jephcott and Johnston.*® These authors also state that the “silico 
molybdate method for silica permits a determination of ‘dissolved’ material into 
which only the molecularly dispersed particles will enter. Solubility figures 
obtained in this way are open to the objection that the reagents used may have 
a solvent action on the undissolved particles. However, it has been shown that 
solubility figures obtained for silica by the silico molybdic acid method after 
simple filtration agree very closely with those obtained on ultracentrifugates and 
ultrafiltrates.” 

The relatively higher solubility of amorphous silica, as compared to crystal- 
- 46 Jander, G., and Jahr, K. F., Das System der Kieselsauren: Coll. Beihefte, vol. 41, pp. 48- 

fp all Chalmer J., Silica in natural waters: Am. Jour. Sci., vol. 243, pp. 393-403, 1945. 

48 Correns, C. W., Uber die Léslichkeit von Kieselsaure in Schwach Sauren und Alkalischen 
Lésungen: Chemie der Erde, vol. 13, pp. 92-96, 1940. 

49 Jephcott, C. M., and Johnston, J. H.: Archives of Industrial Hygiene and Occupational 
Medicine, vol. 1, pp. 323-340, March, 1950. 
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line silica, is to be expected on the basis of thermodynamic considerations. 
Also, it is to be expected that amorphous silicas of extremely high specific sur- 
face area, such as silica gel, should show a somewhat higher solubility than 
more massive forms ; however, the importance of this latter factor in explaining 
the minor variations in the solubility af amorphous silicas remains to be ex- 
plored. It is also to be expected that various forms of silica ranging from 
amorphous precipitated silica, or silica gel, used silica glass and other amorph- 
ous forms, to the crystalline forms such as tridymite, cristobalite, and quartz, 
should also differ in solubilities. If equilibrium were attained in a solution all 
the various forms of silica would, in theory, with sufficient time be converted to 
the stable form, quartz. The conversion in water solutions at low to moderate 
temperatures is so extremely slow, however, that it is possible to measure a 
metastable solubility. 

Figure 6 shows Hitchen’s and Lehner and Merrill’s values for colloidal 
silica, the writer’s 1944 values for silica glass and the present values for quartz. 
Hitchen’s data show values for solubility at vapor pressure and are not directly 
comparable to the other two curves which are the curves for values at approxi- 
mately 300 bars. The measured solubility of silica glass as shown by Figure 6 
presents some anomalies. Values for glass at low temperatures, in the region 
200 to 250° C, are somewhat lower than those determined for quartz. That 
this should actually be the case is highly unlikely. The 1944 determinations of 
glass solubility were made on fused and, consequently, fire-polished glass 
spicules. Fire-polished glass is much more resistant to solution attack ®° than 


50 Morey, G. S., op. cit., p. 28. 
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is a ground or etched surface, and presumably insufficient time was allowed for 
equilibrium in the low temperature determinations. The values at higher tem- 
perature, with presumably the initial fire-polish surface destroyed, approach 
Hitchen’s values for colloidal silica. It is interesting to note that the maximum 
in the solubility curve for silica glass, at approximately 300 bars, occurs at al- 
most exactly the same temperature, 355° C, as does the maximum in the 300 
bar curve for quartz, and the same rapid decrease in solubility at temperatures 
above 355° C is noted. 

Recent work in the system silica-water has been done by Gillingham,” 
whose experiments largely deal with rates of transport, rather than solubility. 
Gillingham relies heavily on published work by Van Nieuwenburg and Van 
Zon,*” in his discussion of the silica-water system. 

Gillingham has criticized the writer’s values for solubility of silica glass as 
being erroneously high with reference to the one determination by Syromyat- 
nikov ** on diatomite. There is no particular reason why glass should agree in 
solubility with diatomite, since much diatomite has a cristobalite structure; 
moreover, Syromyatnikov was obviously working with a very impure sub- 
stance, for he speaks of the condensed gas he analysed as being turbid and 
brownish in color. His analyses show, in fact, that his solution actually con- 
tained more Fe.QOs than silica. 

A theoretical paper by Smits,®* relying also on the work of Van Nieuwen- 
burg constructs a form of the equilibrium diagram SiO,.-H,O which is correct 
in many respects. 
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Grot., vol. 30, pp. 89-92, 1935. 

54 Smits, A., Das System Wasser-Siliziumdioxid: Rec. travaux Chim., vol. 49, pp. 962-966, 
1930. 








PROSPECTING FOR ZINC USING SEMIQUANTITATIVE 
CHEMICAL ANALYSES OF SOILS. 


R. B. FULTON. 


ABSTRACT. 


A field method of semiquantitative chemical analysis of soil for zinc is 
applied to prospecting for zinc in soil-covered areas. Fifteen hundred soil 
samples taken over known ore bodies and over barren ground have been 
analyzed by the dithizone method. The relation of zinc content of the soil 
to the underlying ore bodies has been studied including consideration of 
the influence of depth of ore, nature of soil cover, mineralization in rock 
above ore, faults and fractures, and ground water circulation. The field 
work was conducted at Austinville, Virginia; and the method is applicable 
to prospecting where clayey soils of acid character overlie zinc ores in 
limestone or dolomite. The method shows considerable promise as a tool 
for discovery of ore deposits masked by soil. 


INTRODUCTION. 


Tue following study was conducted to develop and evaluate a semiquantitative 
test of soil for zinc as an aid to prospecting. A field method has been devised 
based on procedure described by Sandell. Fifteen hundred soil samples taken 
over known ore bodies and over known barren ground have been analyzed, 
and the relation of zinc content of the soil to the underlying ore bodies has been 
studied. Influence of depth of ore from surface, soil cover, mineralization in 
rock above ore, faults and fractures, and ground water circulation are 
considered. ‘ 

Evaluation of the usefulness of this method is based on field work in the 
Austinville zinc-lead district of southwestern Virginia. Preliminary labora- 
tory work was done at Stanford University, California, from January to June 
1948. Field and laboratory studies were conducted at the New Jersey Zinc 
Company’s property at Austinville from July, 1948, to March, 1949. 

The region was chosen for study because of the known ore of varying 
depth, the well established geology, and the widespread soil cover. The latter 
fact adds interest to the study since previous prospecting based on geologic 
mapping has been made difficult by scarcity of outcrops. Consequently, a pros- 
pecting method which does not depend on outcrops may provide the tool for 
discovery of ore deposits now masked by soil. 

A bibliography of previous work relating to prospecting methods based on 
chemical techniques was compiled by Hawkes * in 1948. A paper by Vogt and 
Bergh * describes the relation of zinc in soil to ore at Rgros, Norway. The 

1 Sandell, E. B., Colorimetric determination of traces of metals, p. 453, Interscience Pub- 
lishers, New York, 1944. 

2 Hawkes, H. E., Annotated bibliography of papers on geochemical prospecting for ores: U. 
S. Geol. Survey Circ. 28, 1948. 


i 3 Vogt, T., and Bergh H., Geokjemisk og geobotanisk malmleting XI Sink og bly i jordprver : 
Kongelige Norske Videnskabers Selskab, Forhandlinger, Bd. XX, Nr. 26, 1947. 
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same subject is dealt with by Hawkes and Lakin, and Lakin et al.‘ in a recent 
study in the east Tennessee zinc region. 

Acknowledgments.—This article is an abridgement of the author’s Ph.D. 
dissertation written under the direction of C. F. Park, Jr., of Stanford Uni- 
versity. The New Jersey Zinc Company employed the author during the 
course of the investigation and provided necessary equipment and facilities. 
Particular thanks are due to W. Horatio Brown and the geology staff at Aus- 
tinville for valuable suggestions. Preliminary laboratory work at Stanford 
was done under Douglas A. Skoog. Advice from H. E. Hawkes contributed 
greatly to the program. Helpful discussions were held with S. B. Hendricks, 
K. B. Krauskopf, C. L. McGuinness, A. C. Spencer, and H. J. Wichmann. 
S. S. Obenshain and H. C. Porter read the sections describing the soils. 


METHOD. 


The method consists of four steps: 1) collecting the sample; 2) grabbing 
and grinding; 3) weighing, sintering with potassium acid sulfate, and boiling 
with water; 4) complexing, buffering, and testing with dithizone. 

All four steps can be performed in the field. Each is described below, and 
a list of equipment is given. 

Collecting the Sample—A pointed round steel rod is driven into the 
ground with a sledge hammer to a selected depth, then puiled out. A ship’s 
auger of less diameter than the rod is lowered into the hole and screwed down 
to auger soil from below the bottom of the rod hole. The auger is pulled out, 
and the soil removed from it, placed in an envelope and labeled. A sample of 
about 10 grams of soil is obtained in this way. 

The depth for collecting the sample was fixed at 2.1-2.4 feet based on the 
following data. Thirty-two holes were drilled to a depth of three feet, with 
samples retained from alternate 0.3-foot sections. Thus each hole yielded five 
samples at 0.3-0.6, 0.9-1.2, 1.5-1.8, 2.1-2.4, 2.7-3.0 feet, besides a surface 
humus sample. A few holes were deepened to obtain samples from 3.3-3.6 
and 3.9-4.1 feet. Results of chemical tests of these samples are shown in 
Tables I-III. It may be noted that the least erratic variations of zinc from 
hole to hole occur at a depth greater than two feet. Furthermore, additional 
pairs of samples, one collected at a depth of three feet and its companion at 
greater depths up to twenty-four feet, showed no great fluctuation of zinc con- 
tent below three feet. The pairs of three-foot and deeper samples were taken 
at intervals from the walls of a newly dug sewer ditch 2,600 feet long. 

It is realized that any fixed depth for collecting will result in samples from 
different horizons of the soil profile. Thus, arbitrarily establishing a depth of 
2.1-2.4 feet for sampling means that some samples may be from the A soil 
horizon (humus and leached zone), some from the B (clayey zone), and some 
even from the C horizon (some clay, principally rock fragments, only partially 
decomposed by weathering). The horizons of the soil profile in the region 


4 Hawkes, H. E., and Lakin, H. W., Vestigial zinc in surface residuum associated with pri- 
mary zinc ore in East Tennessee: Econ. Geot., vol. 44, pp. 286-295, 1949, 

Lakin, H. W., Stevens, R. E., and Almond, Hy, Field method for the determination of zinc 
in soils: Econ. Grot., vol. 44, pp. 296-306, 1949, 








656 R. B. FULTON. 


VARIATION IN ZINC CONTENT WITH DEPTH OF SOIL. 
TABLE I. 


Row oF SAMPLES ON SECTION 175 WITH CORRESPONDING DIAMOND DRILL HOLE NuMBERs. 




















Sample 21 20 19 16 17 = 11 
D.D.H. | A361 A-359 A-317 A-300 A-298 | A-296 
| p.p.m | p.p.m. p.p.m. p.p.m. p.p.m. p.p.m. 

Humus | 600 300 1,000 800 600 400 
0.3’-0.6' 600 300 1,100 200 | 500 100( —) 
0.9’-1.2' | 700 | 300 1,700 800 | 800 | 100(—) 
1.5’-1.8’ | 600 2,000 900 | 1,000 | 200 
2.1’-2.4’ 800 2,100 1,100 1,300 | 100(—) 
2.7'-3.0’ | 2,100 1,100 | 1,600 | 100 
3.0’-3.3’ 2,000 } 

3.6’-3.9" i ge | 


! ! 
Spacing of samples along rows is 100 feet. 
Ore is at a depth of 200’ and 100’ in A-317 and A-359, respectively, on Section 175. There 
is no shallow ore on Section 179 which is 200’ northeast of Section 175. 
Soil at samples 20 and 21 appears to be recent alluvium. Ground slope is downward to left. 


TABLE II. 


Row OF SAMPLES ON SECTION 179. 








Sample | 25 24 23 | 22 13 
D.D.H. A-344 A-319 A-337 A-315 A-316 
p.p.m. | Dp.p.m. p.p.m. | p.p.m. | p.p.m 
Humus | 500 | 100( —) 100( —) 800 600 
0.3'-0.6' | 800 | 1,000 900 300 600 
0.9’-1.2' | 1,100 | 800 1,000 300 500 
1.5’-1. 8’ 800 } 1,000 1,500 | 300 | 700 
2.1/-2.4 | 4,500 1,100 300 | 1,100 
2.7’-3. | 1,300 1,300 400 1,300 
TABLE III. 
Row OF SAMPLES ON SECTION 181. 
l l <x rea 
Sample 28 29 30 } 31 32 1 | 34 | 35 36 
D.D.H. A-134 | A-131 A-397 | A-294 A-313 A-291 A-295 | “* A-240 
a - eS ES aE — — — —|— pc | | ce 
| p.p.m. | p.p.m. p.p.m. p.p.m. | p.p.m. | p.p.m. | p.p.m. | p.p.m. p.p.m. 
Humus | 100( —) | 100( —) 500 300 300 | 300 |100(—)| 200 200 
0.3’-0.6’ | 200 | 300 | 1,000 400 | 400 | 400 | 200 | 200 200 
0.9’—1.2’ 100( —) | 200 900 400 500 | 500 | 200 200 100 
1.5’-1.8’ 200 200 1,200 | 1,200 600 | 200 200 
2.1’-2.4’ | 100 200 1,000 | 700 | 700 | 200 200 
2.7'-3.0' | 1,300 dey | 800 | | 200 200 
| 


Spacing between samples is 100 feet. 
D. D. H. A-291 has ore at depth of 590 feet. 
Slope of ground is downward to left. 
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studied are such that samples from a depth of 2.1-2.4 feet are usually from the 
B horizon. 

Equipment: Steel rod 1” in diameter, pointed; sledge hammer, approxi- 
mately 10 Ib.; metal stand for use as fulcrum; lever bar with hook: endless 
chain, | foot long ; ship’s auger 11/16” diameter welded to a 14"; steel bar with 
cross handle; sample envelopes and labels. (Note: Lever, fulcrum, and chain 
may be used if necessary to pull steel rod out of its hole.) 

Rate of Collection: Six to eight samples per hour. 

Grabbing and Grinding.—The soil is allowed to dry before grinding. It is 
poured onto a sheet of paper where large lumps are crushed. About two 
grams are grabbed from the sample and ground in an agate mortar to a fine 
powder. 

Comparison of grabbing with rolling and quartering was made by check- 
ing one hundred samples. The former was found to be faster and to intro- 
duce insignificant error. 

The error due to variation in moisture content of air-dried samples is be- 
lieved to lie within 10 percent, which is less than the variation in rechecking 
zinc analyses. 

During the grinding, rock fragments are rejected if they do not crush easily 
in the agate mortar. These rock fragments are chiefly quartzite and chert, the 
available zinc content of which would be expected to be very low. Tests of 
rock fragments, which had been carefully washed to remove clay material, 
showed no zinc extracted by the potassium acid sulfate method. 

A screen is not used because of the difficulty of cleaning. A sample esti- 
mated at 40 mesh is obtained from the grinding. 

It should be emphasized that a rapid field method for determining highs 
and lows in zinc content of the soil is desired, hence refinements of technique 
are omitted in the interest of speed. These omissions should be borne in mind 
in interpreting the data. 

Equipment : Agate mortar (10 cm. diameter) and pestle. Spatula. 

Rate of grabbing and grinding: Twenty samples per hour. 

Weighing, Sintering, and Boiling —One gram of powdered soil is weighed 
on a pocket assay balance which has a sensitivity of one milligram. The soil is 
placed in a pyrex test tube to which one gram of powdered potassium acid 
sulfate is added. The mixture is shaken thoroughly and is heated on a Cole- 
man “GI” pocket stove * to bring the test tube to red heat. A rack holding 
eight test tubes may be conveniently used on the stove. 

The heat is maintained for ten minutes. After the test tube has been re- 
moved and permitted to cool, ten milliliters of distilled water are added. The 
tube is shaken and heated again until the water boils. The mixture is then al- 
lowed to settle unti! two milliliters of clear aqueous solution can be pipetted 
off. Settling time is about four hours. 

The heating of the mixture of equal parts of soil and KHSO, produces a 
sinter cake in the bottom of the test tube. Zinc ions have been freed from the 


5 This is a gasoline stove equipped with air pump and gasoline vaporizer. The temperature 
of stove’s flame is sufficient to melt gold foil, about 1,063° C. 
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soil complex, probably by action of SO,, produced on heating the KHSO,,. 
Heating KHSO, yields water and K,S,O,; the latter may be written as 
K,SO,:SO,, which is the source of the SO,. Use of the acid sintering ma- 
terial is necessary to liberate the zinc for later reaction with the dithizone. 
Zinc in amounts detectable in the chemical analysis described is not freed by 
boiling the soil in water or in a ten percent aqueous solution of KHSO,. Ap- 
parently the high heat and intimate contact between particles of soil and 
K,S,O, are prerequisite to liberation of zinc from the soil. Other chemicals 
have been suggested as solvents for zinc in soil by Hibbard,® Bergh,’ Sherman 
and McHargue,® and by Lyman and Dean.® The use of potassium acid sulfate, 
suggested by H. E. Hawkes,” produced results reproduceable within twenty 
percent accuracy. The availability of KHSO, nearly free of heavy metals was 
a factor in its selection. 

Equipment : Pocket assay balance ; pyrex test tubes; Coleman “GI” pocket 
stove ; metal test-tube rack; pipette, 10 ml; flask for distilled water. 

Reagents : Potassium acid sulfate, CP, special fused, low in heavy metals; 
distilled water. 

Rate: Eight samples per hour. 

Complexing, Buffering, and Testing —A two-milliliter aliquot of aqueous 
solution is transferred from the test tube containing the soil and water to a 
clean test tube. To this are added 2 ml of ammonium citrate solution, 2 ml of 
acetate buffer (pH about 4.5), five drops of sodium thiosulfate, and 10 ml 
0.0005 percent dithizone solution. The mixture is shaken vigorously for two 
minutes. 

Either the unaided eye or a colorimeter may be used to determine the re- 
sulting mixed color, comparing it with colors produced from solutions of 
known zinc content. 

The test for zinc is based on its reaction with the organic compound di- 
phenylthiocarbazone, commonly called dithizone, to produce a red-colored zinc 
dithizonate. Sixteen metals react with dithizone to yield variously colored 
dithizonates, some yellow, some brown, some violet. The presence of these 
compounds would obscure the zinc dithizonate and give incorrect test results. 
By means of buffering the reaction at about pH 4.5 and forming strong com- 
petitive complex thiosulfate ions, metals other than zinc are prevented from 
reacting with the dithizone to any significant degree. Hence, the colors pro- 
duced in the dithizone reaction indicate quantitatively the amount of zinc in 
the solution being tested. Palladium and stannous tin will still react but are 
unlikely soil constituents in the region. 

The procedure is an adaptation of the mixed color method described by 

6 Hibbard, P. L., The chemical status of zinc in the soil with methods of analysis: Hilgardia, 


v. 13, pp. 12-19, 1940. 

7 Bergh, H., On plant available zinc in soil: Koniglige Videnskabers Selskab, Forh. Bd. XX, 
Nr. 11, pp. 41-44, 1947. 

8 Sherman, G. C., and McHargue, J. S., Methods for determination of copper and zinc in 
soil: Assoc. of Off. Agric. Chem., vol. XXV, pp. 510-513, 1942. 

9 Lyman, Clarence, and Dean, L. A., Zinc deficiency in pineapples relative to soils and plants: 
Soil Sci., vol. 54, p. 315, 1942. 

10 Hawkes, H. E., personal communication. 
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Sandell.1t Supplementary to that procedure a preliminary step of adding 
ammonium citrate is introduced to prevent interference by iron or aluminum. 

Equipment: Beakers, 150-ml; pipettes, 2-ml; pipettes, 10-ml; pyrex test- 
tubes ; test-tube rack ; colorimeter and storage battery. 

Reagents: Ammonium citrate solution (10 percent weight by volume in 
distilled water. Solution should be purified by shaking it with 0.01 percent 
dithizone solution and filtering). 

Acetate buffer (equal volumes of 2 N sodium acetate and 2 N acetic acid 
are mixed and purified as above). 

Sodium thiosulfate solution (25 percent weight by volume in distilled 
water). 

Dithizone solution (.01 percent by weight stock solution is prepared by 
dissolving diphenylthiocarbazone in carbon tetrachloride). From this, fresh 
0.0005 percent solution is prepared prior to each test. 

Rate: Sixteen samples per hour. 


LABORATORY WORK. 


Laboratory work was done at Stanford and at Austinville to modify San- 
dell’s method for application at Austinville. It is desirable that a readily dis- 
tinguishable change in color occur as the zinc content of the soil increases from 
the normally expected amount through higher amounts, thus reflecting zinc 
mineralization in the underlying rocks. Experiments were run using both 
mono-color and mixed color methods with readings made both with a Dubosq 
type colorimeter and with a Lumetron photoelectric colorimeter. It was de- 
cided that the mixed color method was preferable as a basis for a field tech- 
nique as it would combine simplicity and rapidity with semiquantitative results. 

Work to determine the proportion of soil to potassium acid sulfate indi- 
cated a 1:1 ratio as giving the best results. Satisfactory reproducibility of 
analyses was achieved by using this ratio. 

A check of the semiquantitative method was carried out by having forty 
samples analyzed by polarographic means. A reasonable check was obtained, 
but it should be borne in mind that heating one gram of soil with one gram of 
KHSO, does not completely fuse the soil. Rather, the SO, produced acts to 
free the zinc in the soil complex. Zinc sulfate is formed and is dissolved by 
boiling. All of the zinc in the crystal lattice of the minerals of the soil prob- 
ably is not available, but zinc adhering to clay micelles of colloidal size by 
reason of attraction of opposite charges could be so released as could zinc in 
the iron and aluminum sesquioxides. 


AREAL GEOLOGY. 


The Austinville lead-zinc district is in southwestern Virginia, seventy miles 
northeast of Bristol and 300 miles southwest of Washington, D. C. It lies on 
the eastern side of the Great Valley of Virginia, between the Blue Ridge 
Mountains on the east and the Allegheny Plateau on the west. 


11 Sandell, op. cit. 
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Prominent ridges which are extensions of the Blue Ridge Mountains 
border the district on the southeast. A klippe mountain to the northwest 
separates the Austinville area from the remainder of the Great Valley. The 
Blue Ridge and the klippe, of resistant lower Cambrian quartzites and quart- 
zitic shales, stand about 3,000 feet above sea level. Less resistant lower to 
middle Cambrian dolomites, limestones, and shales constitute the rocks of the 
valley floor. The shales of the valley form short low rounded ridges, which, 
together with hills underlain by dolomite, appear as a limited peneplain called 
the Valley floor or Harrisburg peneplain. Stose** dates this peneplain as 
early Tertiary. The peneplain level is at an elevation of about 2,300 feet with 
the present river entrenched about 300 feet, which leaves rounded gently slop- 
ing hills. Limestones and dolomites underlie the low, flat areas of the valley 
and contain the lead-zinc deposits. 

The rocks of the region have undergone strong folding and faulting. The 
general structural trend is northeasterly. The regional faulting is considered 
to be part of the Appalachian revolution of late Paleozoic age. 

In the immediate area of Austinville features of primary interest are the 
Austinville anticline, a fault at its apex, and a major fault on its southeastern 
limb ; all three of these features parallel the regional structure. Other smaller 
faults occur between the two major faults on the anticline. 

The Austinville ore is in brecciated ground on the faulted southeastern 
limb of the anticline.’*> W.H. Brown ™ in a paper on ore zoning at Austin- 
ville describes the ore occurrence as follows : 


The ore bodies of the Austinville mine are fracture-filling and replacement de- 
posits in the Shady limestone of Lower Cambrian age. The deposit is situated on 
the south limb of the Austinville anticline and is localized in rock intensely frac- 
tured by the action of strike and cross faults. In general, the ore bodies parallel 
the strike faults and are generally enlarged at cross-fault intersections where the 
ore bodies are distinctly cross-cutting. ... They are further localized strati- 
graphically in the massive dolomites at contacts with less competent beds in the 
series, causing the largest single ore body to have an almost plane footwall inclined 
along the incompetent bed, and a dome-shaped top. Intense recrystallization of the 
country rock is associated with the ore. The combination of structural control by 
strike faults and stratigraphic control by incompetent beds has caused the ore bodies 
to have a pipe-like form, with enlargements near cross faults. Both strike faults 
and cross faults were apparently due to compression, although the cross faults are 
of the so-called “normal” type. 

The deposits are mineralogically simple. The early production of the mine was 
from oxidized residual deposits in red clay on the pinnacled surface of the dolo- 
mite. ... Sphalerite is the principal sulphide mineral and is usually light brown 
in color, although a subordinate quantity of light resin sphalerite is found. Pyrite 
is common, as is also galena. 


The ore was probably deposited after the major faulting accompanying the 
Appalachian Revolution since the ore bodies are not displaced by faults. As 
to how recently the ore solutions were active there is no direct information. 


12 Stose, G. W., and Miser, H. D., Manganese deposits of western Virginia: Virginia Geol. 
Survey Bull. 23, p. 23, 1922. 

13 Currier, L. W., Zine and lead region of southwestern Virginia: Virginia Geol. Survey 
Bull. 43, p. 11, 1935. 

14 Brown, W. H., Quantitative study of ore zoning, Austinville Mine, Virginia: Econ. Grot., 
vol, 30, no. 4, pp. 425-6, 1935. 
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DESCRIPTION OF THE SOILS. 


The soils in the area are divided into two types, those derived from the 
rocks beneath them, and those derived from transported material. Both soils 
are residual, the difference being the origin of the parent material. Both of 
these types are for the most part mature soils: that is, soils with well developed 
profiles ** produced by long weathering. Young soils derived from both types 
of parent material are also present. They are characterized by less alteration 
of the original material and less accentuated profile horizons. 

The soils derived from transported material appear to cover a large part 
of the area studied, since subangular to sub-round water-worn quartzite and 
quartz pebbles and smaller detritus are widespread. The source of this soil 
material is believed to be the former New River, which meandered across the 
plain of the valley floor in Tertiary times, depositing alluvial material on the 
surface of the valley. Study showed soil derived from alluvial material, con- 
taining water-worn clastics, to be resting on soil free of clastics, which was 
immediately above and between dolomitic pinnacles. 

Accurate location of the boundary between the two soil types is difficult 
because weathering is so far advanced that most of the detrital material has lost 
its original form. Only the more resistant constituents such as quartz and 
quartzite are still recognizable. Where resistant fragments are absent, the 
soil’s origin is difficult to determine, except immediately adjacent to the rock 
pinnacle surfaces where the soil is obviously derived from the dolomite. Band- 
ing parallel to adjacent dolomite pinnacles can be seen in some soils and is con- 
sidered to be an indication that the soil is derived from the dolomite. 

The conditions described above prevail on the hilltops representing the old 
valley floor. However, where the alluvial material of the peneplain has been 
deeply dissected or where bedrock outcrops are plentiful, the soils appear to be 
derived from the local bedrock. The slopes of the dissected areas are covered 
with alluvial material which has migrated downhill, thus giving the bedrock 
soils a deceptive surface aspect. The slopes, thus, may show a thin veneer of 
soil derived from the alluvium of the old river terraces which has been moved 
by mass-wasting. This wasting material is probably intermixed with residual 
material in the process of creep, and the soils of the present stream valley may 
in these cases be of mixed origin. The fact that the dolomites have produced 
residual soils is amply shown by the long history of lead and zinc carbonate 
production from open cuts in nearby localities. But it is pointed out that over 
a large part of the area studied the soils at and near the surface were produced 
from alluvial material. 

The high rainfall of the region (about 46 inches per year) has produced 
strong leaching of calcium carbonate from the soils on the hills and slopes 
where drainage is good; so that the pH ranges from 3.5 to 5.0. In the stream 


and river bottoms and in places of poor drainage the pH may rise to between 
7.0 and 8.0."* 


15 Profile is used in the pedological sense, meaning the layered character of the soils. 
16 pH determinations were made on 336 soil samples; that is, the pH of every fifth sample 
was tested. 
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To evaluate the merits of soil testing as an aid to prospecting, a two-fold 
method has been followed. The first is a 100-foot grid of soil samples taken 
over areas where ore is present in rocks below a cover of soil and over con- 
tiguous areas where ore is believed to be absent. The second consists of long 
rows of samples taken at 100-foot intervals with 500-foot spacing between 
rows. These rows start in areas underlain by ore and extend into barren areas. 

















*e ° 2000 4000 
é c= —- 


4 4 SCALE IN FEET 


LEGEND 
SAMPLE LOCALITIES 
(ZZ AREAS UNFIT FOR SAMPLING 
CONTOURS ON PPM. ZINC IN SOIL 
<) HEAVY CONTOURS: 1500 PPM. 
LIGHT CONTOURS: 1000 PPM. 
qemmnt ZONE INCLUDING MAIN ORE BODIES 
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The extremities of these rows are at 200-foot spacing over areas where the 
presence or absence of ore is undetermined. This last phase of sampling un- 
known areas has been carried out in order to establish a broader picture of 
amounts of zinc to be expected and to observe differences in regional zinc con- 
tent of soils in comparison with differences noted over and close to known ore. 

Certain local areas were unsuitable for soil sampling. These were the piles 
of mill tailings, where mounds of dolomite cover the ground ; open cuts where 
previous mining operations have disturbed the soil; and the town of Austin- 
ville itself. The land unavailable for sampling covers 200 acres, leaving 2,600 
acres in the area sampled. 

To determine the relation of the Austinville zinc highs to the zinc in adja- 
cent soils, two lines of samples, each about one mile long, were collected to the 
southeast of the area of known ore. 


INTERPRETATION OF DATA, 


The accompanying map. (Fig. 1) shows the area sampled and the highs of 
zinc found. The zone of main ore bodies is characterized by scattered ore 
bodies and includes much barren ground. The areas bounded by the 1,000 
parts per million zinc contour line appear, for the most part, to be associated 
with ore. The areas of higher zinc content, bounded by the 1,500 ppm con- 
tour, are even more closely limited spatially to positions over ore. There are 
some small scattered outlying highs, but the broad highs are limited to the ore 
zone. 

It is noteworthy that the areas high in zinc are commonly along the trace 
of faults in the bed-rock or spread over their intersections. More of the highs 
may be related to faults than actually appear on the fault traces, since the ac- 
curate location of the faults is often not known and since all of the faulting may 
not have been recognized. 

The area high in zinc at the southwestern end of the zone of main ore 
bodies represents the weathered outcrop of a zinc sulfide ore body. The open 
cuts lying next to the northeast yielded oxidized ores along the rake of the ore. 
Sampling was not done up to the rims of the large open cuts because of obvious 
contamination of the soil from mining operations. The extension of the highs 
to the southwest beyond the known ore coincides with a band of small test pits 
which seemingly failed to disclose economic mineralization. 

Just north of the southwest end of the ore zone a group of highs was ob- 
served. These correlate with ore that does not outcrop on the peneplain sur- 
face and which is at some depth below the base of the regolith. The soils at 
this place are of transported origin, except perhaps on the slope of a sink where 
they are probably mixed ; yet they reflect ore at depth as indicated by the map. 

Northeastward, the zone of ore narrows considerably. No highs are not- 
able here except at a cross-fault and near a small sink hole. While these highs 
lie on the ore trend, they are not of sufficient magnitude to attract attention in 
prospecting. 

Farther to the northeast the zone of main ore bodies widens again but is 
without significant highs until an area of cross faulting is reached. It is an 
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area of strong and complicated breaking which may in part account for the 
highs. West of the stream, where it leaves the ore area, is the site of limited 
former surface working of oxidized ores, which may account for the highs 
noted west of the stream. The hills south and east of the stream are of such 
altitude that contamination from the old mining cperation is unlikely. The 
soils on the hills are characteristically of transported parentage as contrasted 
with the soils of residual or mixed origin where the stream cuts through. 
Both of these soils have high zinc content apparently related to the ore. 

A cluster of highs farther to the northeast also seems to be an indicator of 
ore at a cross-fault. Finally, a relatively narrow band of highs extends north- 
east to the end of the ore zone. 

A small group of samples high in zinc was obtained immediately east of 
the highway as it enters Austinville from the south. These appear to be as- 
sociated with sphalerite mineralization which can be noted in occasional out- 
crops there. 

Possible contamination from wind-blown mill tailings, which contain some 
zinc, was feared as an interfering factor in this study. However, sample evi- 
dence has indicated that wind-blown tailings have not distributed zinc of an 
order of magnitude sufficient to interfere with this method. One needs only 
to look at the lines of samples that come up to the actual edge of the tailings 
piles. At those places samples taken by boring downward through visible wind 
scattered tailings on the surface showed no highs of zinc at the 2.1 to 2.4-foot 
depth. Two farm yards showed single highs which were probably due to con- 
tamination. The highs apparently due to contamination are not contoured. 

The two long lines of samples, taken to the southeast of Austinville and ex- 
tending two-thirds of the way up Poplar Camp Mountain, show low zinc in 
the soil. Both lines of samples passed the rim of iron open cuts at the base of 
the mountain, but apparently little zinc is associated with the iron in the soil. 
It may be noted that much of the distance covered by these two lines is over 
colluvial soil. This fact may explain the low zinc content since these soils are 
derived from quartzite and shale material that has migrated down the moun- 
tain slope from the southeast side of the Poplar Camp overthrust. 

The map illustrates the results that would be obtained in applying this 
method to a virgin area. The localities with high zinc in the soil would be 
recommended for drilling. As can be seen, drilling based on this recommenda- 
tion at Austinville would disclose the zone including the main ore bodies. 

Consideration of the vertical cross-sections (Fig. 2) will aid in interpreting 
the data collected in this study. Section 201-203 crossing the northeast end 
of the zone of main ore bodies illustrates the relationship of the soil zinc to ore. 
The largest high near the northwest end of the section is vertically over known 
ore, which is at a depth of from 400 feet to 700 feet, and is over and up-dip from 
shallower sphalerite mineralization. The numerous closely spaced diamond 
drill holes on this section provide a fairly firm basis for the subsurface informa- 
tion shown. A zone of faulting has its suboutcrop downhill to the northwest 
of the high in the soil. No high occurs in the soil directly over the faults. 
This is believed to be attributable to the fact that the present surface there is 
a recent river terrace. Down-cutting by the river is presumed to have cut off 
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Fic. 2. Vertical sections showing relationship of zinc in soil to subsurface geology, 
Austinville, Virginia. 
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the northwestern extension of the high, and the recent river wash now occupies 
the place of the zinc-rich soil. This high may be the remnant of mineralization 
in country rock which has weathered, since it lies on a slope where the soil 
might be expected to be in part residual. Three smaller highs of zinc are lo- 
cated to the southeast along the section. These appear to correspond to frac- 
ture zones. Ore is at a depth of 100 feet below the southeasternmost small 
high. It is noteworthy that the zinc in the soil on this section could be related 
to the extreme hydrothermal recrystallization of the dolomite in the country 
rock. This recrystallization commonly occurs in or near ore, and may be 
genetically related to it. If this is the case, the fluids effecting the recrystal- 
lization may have introduced small quantities of zinc not visible to the eye. In 
turn, by one of the processes described in “Origin of Zinc in the Soils,” this 
zinc might have entered the soil. Relating zinc highs in the soil to zinc in the 
country rock is preferable because this source is richer in zinc than the hydro- 
thermally recrystallized dolomite. 

Section 181—183 is 1,000 feet to the southwest of 201-203. The soil con- 
tains a large high over the known ore which is at a depth of 600 feet. Three 
hundred feet above this ore is slight sphalerite mineralization. A prominent 
fault extends between the ore and the surface and has its suboutcrop at the up- 
hill end of the high. The lack of extension of the high uphill from the fault 
may be due to slumping of the soil. The high may be the residuum of a 
weathered ore body because the soil is probably in part residual on this slope. 
An ore body at the southeastern end of the section fails to be reflected by zinc 
in the soil. Its depth is 200 feet, and extreme hydrothermal recrystallization 
is nearby in the country rock. No faulting appears to extend between the ore 
and the surface. This latter group of observations tends to indicate that a 
fault channelway is necessary to produce highs in the soil related to ore. There 
is ore at 950 feet at this end of the section, which is not indicated by a zinc high 
in the soil. . 

Section 141 shows highs of zinc in the soil at the northwest end of the sec- 
tion over ore which is at a depth of 250 and 450 feet. No sphalerite mineraliza- 
tion was observed at shallower depths in the diamond drill holes. Several 
faults occur in this area and for each a corresponding high of zinc in the soil 
may be seen. Extreme hydrothermal recrystallization of the dolomite is not 
observed near surface in this portion of the section. Over the ore which is 
toward the southeast end of the section, there is a small high, not associated 
with a known fault, but lying slightly in the up-dip direction from the known 
ore. The ore is at 900 feet depth. The high in the soil is traceable from sec- 
tions 121 and 131 to this section and appears to parallel the up-dip edge of this 
ore body over that distance (1,500 feet). Possibly the extreme hydrothermal 
recrystallization, noted near surface, which also parallels the ore, is the control 
for the high in the soil. The zinc in the soil here appears to be an indicator of 
the trend of an individual ore body. There is sphalerite mineralization at 600 
feet which is noteworthy. It is possible that the soil high is reflecting unknown 
shallower zinc in the bed-rock to the southeast; so that the high would be on 
its up-dip extension. 
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A study of the A, soil horizon, the humus layer, was made based on an 
idea proposed by Goldschmidt "* as being applicable in geochemical work. He 
explains enrichment of the humus in minor elements by plant roots picking up 
zinc in solution and incorporating it in the plant tissue; then, when the leaves 
fall and decay, the elements are emplaced in the humus layer. Enrichment 
follows by the removal of easily soluble components and the formation of diffi- 
cultly soluble substances containing certain minor elements bound to humus 
material. Sampling the humus at Austinville was done for 263 samples, each 
of which was directly above a 2.1 to 2.4-foot soil sample. Analyses showed 
that the zinc content of the humus layer was quite erratic and that it bore no 
obvious relation to the zinc content of the 2.1 to 2.4-foot depth. Perhaps the 
erratic character of the zinc in the humus is due to the random scattering of 
accumulator plants. In any event zinc detected by this method in the humus 
does not appear to be correlatable with the underlying ore in the Austinville 
area. 


ORIGIN OF ZINC IN SOILS. 


The problem of explaining the origin of the zinc in the soils has two phases, 
one to account for zinc in soils formed from transported material and the other 
to explain its presence in soils produced from residual material. 

The second is the easier to resolve. The soils in that case are formed in 
place by the weathering of the bedrock beneath them. Mineralizing solutions 
penetrated this bedrock and deposited zinc sulfide in certain favorable localities. 
This mineral deposition took place spottily throughout a considerable range of 
thickness of country rock. In some places it was concentrated enough to be 
ore; in others it was weaker and appears as scattered mineralization. As the 
upper rocks in the vertical range of zinc mineralization weathered, the bulk of 
the parent material of the soil (i.e., the calcium and magnesium carbonates) 
was leached away. This effected a concentration of the zinc in the soil left in 
place. The acid solutions produced in the weathering of sulfides might be ex- 
pected to remove the zinc. Probably they did remove some, but the fact is that 
at least a part of the zinc remained. In the lowest soil horizons zinc and lead 
carbonates are found, but they are in an alkaline environment. The zinc con- 
centrations found by the soil sampling procedure are in an acid environment 
ranging from a pH of 3.5 to 7.0 with most of the samples between 4.0 and 
5.0 pH. 

The explanation of the origin of zinc in soils derived from transported ma- 
terial is more complicated. It is possible that the highs of zinc observed are 
due to its deposition along with the alluvium and that they are unrelated to the 
sulfide ore bodies in the underlying bed-rock. Inspection of Figure 1 indicates, 
however, that the concentration of the zinc in the soil is not fortuitous but is 
related to the zone of main ore bodies in the dolomite country rock. 

Circulation of underground water is considered as a possible means for mov- 
ing zinc from mineralized bed-rock into the overlying soils. Deep circulation 


17 Goldschmidt, V. M., Drei vortrage itiber geochemie: Geol, féren. Stockholm Férh., vol. 
56, p. 425, 1934. 
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and return of waters to the surface or near the surface may explain the em- 
placement of zinc in the soils. Specific data on deep circulation of ground 
water are scarce. Ina paper on ground waters of Warm Springs, Ga., Hewett 
and Crickmay ** reason that meteoric waters percolate downward to a depth 
of more than 2,000 feet, then return to the surface. Ground-water behavior 
beneath mature and old age topography and in fractured and fissured rocks, 
such as those found at Austinville, is described in Tolman’s *° text. 

Evidence of deep circulation of ground waters is found at Austinville as 
far down as 700 feet in the mine, where zinc carbonates and silicates and lim- 
onite are found along faults, in solution openings, and as small thoroughly oxi- 
dized ore bodies. This type of circulation is presumed to have taken place in 
Tertiary time when this area was locally peneplained and approached old age 
topography. The ground waters passed through faults and broken ground 
which serve as the structural control for the ore bodies. Zinc was picked up 
from the ore and transported along these avenues of ground water movement. 
Some of this transported zinc was then deposited in the soils at the point of 
discharge of the major fractures. This may account for the highs of zinc ir 
the soils noted at the outcrop of faults. The fact that the outcrops of all faults 
do not show zinc highs may indicate that locally underflow was important, 
producing a series of elevated and depressed water surfaces. The solutions are 
supposed to have deposited their zinc either by evaporation in the capillary 
fringe or perhaps by precipitation as the result of a chemical change produced 
when the ground water entered the oxidizing environment of the zone of aera- 
tion. The absence of highs over known ore in some places may be accounted 
for by the reaction between wallrock carbonates and most of the zinc carried by 
the solutions, so that the water reaching the soil has had much of its zinc 
removed. 

Subsequent erosion has greatly modified the conditions described above. 
With dissection of the valley floor peneplain, much of the soil and rock ma- 
terial has been removed by the New River and its tributaries. Carving into 
the old valley floor has exposed the third dimension. Weathering processes 
have caused continuous changes in the soil. Nevertheless some zinc in the 
minerals of the soil still remains and is detectable by the test described herein. 
The zinc so detected appears to be genetically related to the occurrence of ore 
in the underlying rocks ; consequently it offers a key to the location of ore de- 
spite the erosional changes since its deposition. 

The possible origins of zinc in the soil described above are surmises, yet it 
is noteworthy that explanation of the presence of abnormal quantities of zinc 
in soils, related to ore in underlying rocks, is possible though difficult of proof. 


APPLICATION TO PROSPECTING, 


Zinc in soils has been shown to be correlatable with zinc mineralization in 
the covered country rock beneath. Based on this fact, the method of soil test- 
18 Hewett, D. F., and Crickmay, G. W., The Warm Springs of Georgia: U. S. Geol. Survey 


Water-Supply Paper 819, p. 33, 1937. 
19 Tolman, C. F., Ground Water, pp. 296-300, McGraw-Hill Book Co., New York, 1937. 























PROSPECTING FOR ZINC USING ANALYSES OF SOILS. 669 


ing described is an aid in prospecting where bed-rock is not exposed. By the 
use of this method of chemical analysis, the unfavorable condition of lack of 
outcrops in soil-covered regions is overcome, and the areas available for study 
are greatly increased. 

In this method of prospecting, the broad area selected for study should be 
one of generally favorable geology, so far as it can be determined in a region 
without abundant outcrops. All geologic factors known to be favorable to ore 
should be considered in this preliminary selection of a broad area. After the 
area has been outlined the detailed prospecting program is begun. A pattern 
of soil sampling dense enough to find the significant highs of zinc in the soil 
should be followed. The pattern and spacing of samples will vary with the 
district studied and should be determined separately for each area. When 
samples with high zinc are found, the exact limits of the high should be deter- 
mined by closely spaced sampling. In conjunction with the soil sampling, de- 
tailed geologic mapping should be done of such outcrops as are available and 
of float materials. Thus, soil sampling is only a part of a thorough prospecting 
program. 

In the field work for this paper, two assistants acted alternately in the ca- 
pacity of collecting assistant and of weighing, sintering, and boiling assistant. 
The author did the note taking, chemical testing, and plotting of results with 
help in plotting from the two assistants. The party organization described 
below is believed to be more satisfactory for a routine job now that the method 
is established. 

An efficient field crew might consist of a geologist, who maps rock outcrops 
and float, and two soil collecting assistants, one who records soil locality data 
and one who takes the samples. There should be two additional party mem- 
bers who remain at the field base camp and analyze the samples; one of these 
men grabs and grinds the sample, weighs, sinters, and boils it; the other does 
the chemical analysis and records the results. Samples collected one day are 
dried overnight. The next day these samples are prepared, tested, and plotted. 
The collecting can then be guided from day to day by the previous day’s re- 
sults. In this manner highs detected can be quickly blocked out, and their 
extent determined. The geologist correlates the soil analysis results with his 
findings and from these plans the program of work. 

The above program will serve to delimit within the original large area parts 
of especial interest where detailed geologic and chemical data appear favorable. 
Within this area trenching, drilling, or another method of exposing bed-rock 
should be carried out. It is only by the application of these latter explora- 
tory techniques that the presence of ore can be established. Semiquantitative 
chemical soil analyses can point the way and define an area which appears to 
be mineralized, but a full-fledged geologic program is necessary to prove the 
presence of ore. 

Spacing of samples is a key factor in insuring thoroughness and in achiev- 
ing rapidity in covering a given area. However there must be a compromise 
between the two; samples should be spaced closely enough to find the signifi- 
cant highs but far enough apart to cover the area economically. Two types of 
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spacing were used in the Austinville study, sampling on an equilateral grid 
and sampling along widely spaced lines run perpendicularly to the expected ore 
trend. The former was used for detailed study of small areas; the latter, for 
large areas. Grid spacing is most useful where postulation of possible mineral 
trends cannot be made. If the extent of the high is believed to be particularly 
large, a grid spacing may be selected of optimum size to intersect it with the 
minimum number of samples. Where long strike extension and narrow width 
of the highs in the soil are expected, lines of closely spaced samples run per- 
pendicularly to expected strike are the most effective. Sampling along roads 
is more rapid than other systems because the going is easier, and it is not neces- 
sary to use a compass to guide the traverse. 

The chemical method described is specifically for zinc, and it was estab- 
lished to be workable in a region where clayey soils of an acid character pre- 
dominate. It is of the utmost importance, before applying this particular 
chemical technique in other areas, that a study be made of the character of the 
area of planned application with consideration of the mineral association pres- 
ent, the character of the country rock, and the nature and properties of the 
overburden. Perhaps few or no changes would be necessary. On the other 
hand, variation in the properties of the soils or in the chemically interfering 
metals might necessitate alteration of the collecting or analysis methods. 
Nevertheless, the basic fact brought out in this study, that the content of zinc 
in the overburden may reflect zinc mineralization in the bed-rock, is believed 
to be of widespread significance and applicability. 


CONCLUSIONS. 


The purpose of this study has been to develop and evaluate a rapid field 
chemical test for zinc in soils as a help in prospecting. The semiquantitative 
method of chemical analysis has been found to be feasible for field operation 
and the results obtained from it can be useful in finding areas of zinc mineral- 
ization. 

A further use of the method, beyond the prospecting phase of ore search, 
is possible. This is in the exploration phase where the tracing of mineraliza- 
tion trends from already known mineral occurrences is the purpose. Addi- 
tional study may show that as an exploration tool, the method may be useful in 
outlining individual ore bodies or small groups of ore bodies on a property al- 
ready established as being metalliferous. 


AUSTINVILLE, VIRGINIA, 
April 13, 1950. 








THE GENETIC CLASSIFICATION OF THE BED ROCK 
HYPOGENE MINERAL DEPOSITS." 


HARRISON SCHMITT. 


ABSTRACT. 

Genetic hypotheses and derived classifications have varied in extreme 
cycles. There are objections to certain features of the Lindgren hypoth- 
esis and classification. A proposed provisional classification is outlined. 
This uses the apparently fundamental and objective factors of depth and 
temperature expressed by ordinates and abscissae on charts. Areas on 
these represent well known genetic types of ore deposits. 


THE problem of the classification of ore deposits on a genetic basis seems more 
difficult than in the recent past. This is divergent from the progress in most 
of the natural sciences where classification largely developed from well estab- 
lished beginnings and now stands on proved and widely accepted theory. 

The history of ore deposit classification is, of course, intimately related to 
the history of ideas on genesis. Classifications exclusively by: elements, min- 
erals, structure, or geography, are often useful and necessary, but will not be 
fully considered here. For discussions and reviews of the subject the reader 
is referred to Bateman (1,? pp. 6-17, 356-365), Emmons (4, pp. 5-6), Graton 
(7), Hummel (9), Loughlin and Behre (11), Lindgren (10, pp. 203-212), 
Niggli (12) and Spurr (19). Bateman (1, p. 17) says, 


A review of the development of ideas concerning the development of the genesis 
of mineral deposits is enlightening to the student, because it presents the back- 
ground of the current prevailing ideas and discloses that most of them have been 
advanced ‘in previous generations and that at present we are but elaborating upon 
or amplifying earlier conceptions. 


The uncertain genetic basis of the science of our choice is clearly shown by 
the history of it. From Agricola, four hundred years ago, to Lindgren of the 
recent past, serious ideas of genesis have swung from the extreme of “ore 
magmas” to that of pure lateral secretion, that is, from pure Plutonism to pure 
Neptunism, through several full cycles (1, pp. 6-17). Elie de Beaumont’s 
views (1847) were modern, but they were nearly submerged in the last half 
of the 19th century, particularly in this country, by the lateral secretion school 
inspired by Sandberger. The reaction came at the turn of the present cen- 
tury, sparked by a fine paper by PoSepny (13) and carried on by Kemp, Lind- 
gren, Weed, Goldschmidt, and others. It reached an extreme in Spurr’s ideas 
in 1923 (19) which recalled some of Hutton’s 150 years earlier. Lindgren’s 

1 Presented before the Society of Economic Geologists, New York, N. Y., Feb. 14, 1950. 
2 Figures in parentheses refer to Bibliography at end of paper. 


671 











672 HARRISON SCHMITT. 


views * and classification as early as 1911 expressed the moderate, conservative 
opinion. These are today held by a larger proportion of mining geologists. 
The past several decades, however, have, it seems to this writer, witnessed 
decreasing conviction with many, and written serious dissent by a few, in cer- 
tain features of the Lindgren hypothesis. This may indicate the beginning of 
another historical swing in cycle, although if so this writer thinks it will not be 
as extreme as some of the past. Some of the objections and counter proposals 
can be considered seriously because of the large gaps in the factual support for, 
and even contrary to, the Lindgren thesis. Dissenters include Brown (2), 
Holmes (8), Stewart (20), Sullivan (20a), White (21), some of the geo- 
chemists in Washington, D. C., and others. The writer must confess to a 
degree of skepticism persisting from his university days that has been briefly 
expressed in several papers (15). Significantly K. Hummel says (9), 


Every theory (of ore deposition) is correct in the last analysis, i.e., when limited 
to particular cases, and every theory is incorrect when regarded as universal 
validity. . . . Historical investigations . . . show us that we can only . . . achieve 
our end if we cease to proceed onesidedly and dogmatically, and if, without 
prejudice, we take into account all the theoretical possibilities. 


What we are seeking, then, is the most common frame of genesis. We must 
set aside for a time what appear to be exceptional modes of origin. 

Objections to certain elements of the Lindgren thesis include: The terms 
epithermal, mesothermal, and hypothermal seem to have always had a triple 
implication of temperature, pressure, and depth. At least this seems to have 
had Lindgren’s sanction and is widely accepted. Many shallow deposits, how- 
ever, originated at high temperatures.‘ They contain such minerals as tour- 
maline, magnetite, pyrrhotite, and tungsten and tin minerals. High tempera- 
tures are measured at the surface in fumarolic-hot spring areas. To add to 
the confusion paragenetic studies of given deposits show wide extremes of 
temperature of deposition with time. This further complicates classification 
by temperature. 

Also we may be unable to assign even approximate fluid pressure limits to 
the units of Lindgren’s classification. The conventional belief, supported by 
Lindgren, is that a continuous column of liquid extends from the magma to 
the surface where it emerges as hot springs. Since even to estimate the pos- 
sible friction head may be impossible we cannot a priori determine the maxi- 
mum hydrostatic pressure at time of origin. Further, the geophysicists say 
there is no known force capable of pushing such a water column upward. 
Based on less inference, the study of fumaroles and hot springs indicates that 
the juvenile water which reaches the meteoric water zone does so as super- 
heated steam. This obviously could not have been in contact with an excess 
of liquid water since it gained its superheat. Furthermore, most of the water 
in hot spring areas has been shown to be of meteoric origin. Thus, if the as- 


3 Lindgren appears to have expressed the best of the neo-modern view. Although he brought 
together the ideas of many others the designation by Lindgren thesis or Lindgren hypothesis is a 
convenient and appropriate way of tagging this body of thought. 

4It is only fair to note that Lindgren himself recognized this (10, p. 211). Buddington and 
Butler gave it emphasis. It was also noted by Niggli (12, p. 30). 
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sumption is to be maintained that hot springs represent the end phase of mag- 
matic mineralizing agents, the arguments for a continuous water column seem 
weak. 

Lovering,® moreover, points out that pressures higher than the hydrostatic 
and even higher than the rock pressure can be stable near the surface. The 
data given by Fenner (5) and others indicate that pressures of steam greater 
than the rock pressure can persist a few hundred feet from the surface where 
the ground is sealed by deposition and where quenching by meteoric water is 
not complete. Thus, neither pressures nor temperatures appear to fit the 
Lindgren classification as neatly as was first supposed. 

Based on the solid work done by the geochemists on hot springs and fuma- 
roles Schmitt supported (16, 17) the hypothesis that the “epithermal” deposits 
are formed in the meteoric water zone, that the metals are transferred from 
depth in the gas-vapor-sublimate phase and that some characteristics of the 
shallow mineral deposits are thus explained. This hypothesis combines ele- 
ments of both the Plutonist and Neptunist schools. It may be recalled that 
previous writers, including PoSepny and Niggli, separate the shallow from the 
deep mineral deposits. 

The fumarolic-hot spring work suggests a gaseous phase in depth, but the 
study of liquid inclusions suggests that some, at least, of the deeper minerali- 
zations originated in a liquid phase. Here is a contradiction unless we are 
willing to consider the possibility that meteoric waters penetrate down to the 
deep zone during the mineralization period. If not, then we must consider 
the alternative of a pneumatolytic phase reaching from the “magma” or abyssal 
depths to the bottom of the meteoric water zone at shallow depths. Many 
writers suggest an early pneumatolytic phase in the pyrometasomatic deposits 
(14). Data on wall rock alteration, furthermore, as discussed by Schmitt 
(17) indicate that the source of the silica in mineralization may be local. This 
diminishes the theoretical need for a deep column of liquid as a carrying agent 
for the silica and, indeed, of a magma as a source for the same silica. 

The above paragraphs underline the uncertain state we seem to have 
reached in the theory of mineral genesis. The Lindgren thesis seems qualified 
by: the progress of our knowledge of mineral associations, especially in shallow 
environments ; paragenesis as related to temperature variations ; and inferences 
as to the “water column,” the gaseous phase, the phenomena of hot springs, 
and the source of the silica. Moreover, other qualifications of less funda- 
mental character seem pertinent. The Lindgren hypothesis would seem to 
call for common linked gradation of one depth-temperature class to the other. 
Lindgren defended this principal (10, p. 211) and it has been vigorously sup- 
ported and amplified by Graton (7). The various major classes, however, 
are not known to pass one to the other (11) except in a few, possibly dis- 
putable, cases and excluding what does not seem to be pertinent zoning, that 
is, gradation of the character of metallization at limestone-igneous rock con- 
tacts, the so-called telescoping in epithermal deposits, gradation related to 
changes in walls, and local, compressed metal zoning as at Butte. Graton, 


5 Oral communication. 
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using a few exceptional deposits as support, argues that the zones are so high 
that we do not perceive the transition. His belief that the “epithermal” de- 
posits grade to ‘“‘mesothermal” non-precious metal in depth, but are then non 
commercial, is not supported, at least by this writer’s observation (17). The 
general lack of linked gradation, however, does not seem to be a serious flaw 
in the Lindgren scheme. The normally rapid vertical change in structural 
wall rock and other conditions makes the chances poor for persistence in depth 
of any given ore shoot or zone of ore shoots. But this is not generally ac- 
knowledged in teaching. Many of the less experienced in the field still are 
willing to predict major type changes in depth based on the idea of continuity. 
Such predictions are seldom if ever verified. 

The theory concerned with the direct genetic relationship of ores to par- 
ticularly the intermediate and salic igneous rocks, this writer believes, is on 
too uncertain a basis to be used in detail in classification except where the rela- 
tionships used are limited to the spatial. This includes ideas on differentiation 
and injection. The paper by Gillson (6) on the ilmenite deposits of St. 
Urbain, Quebec, and certain publications on Sudbury, Ontario, indicate the 
wide divergence of ideas. Presumably in any case at this time we are not 
justified in subdividing the later processes. 

The suggestion mentioned above, that the epigenetic silica associated with 
ore deposits is not necessarily derived from processes of concentration related 
to differentiation in the magma (17), but may be derived largely from the 
alteration of the walls with relative short migration, if verified, may weaken 
the hypothesis that postulates the need for the direct derivation of ore from 
associated igneous rocks, excluding the ultrabasic intrusives. Less emphasis, 
perhaps, may be put on the genetic relationship of the salic igneous rocks to 
the common ores. 

Detailed sub-division on the basis pf replacement and filling seems uncer- 
tain for a genetic classification, although we can confidently use the concepts 
in a broad way—thus, replacement ore, filled fissure, ete—and although many 
practicing mining geclogists find it important, even essential, to classify on the 
basis of form or structural environment, this does not seem to be critical from 
a genetic point of view. 

The theory of ore deposition having been poorly established in certain re- 
spects and since a classification based on it may not persist, it is suggested that 
a provisional classification be set up that is as objective as possible, but is 
flexible enough to fit in with the probable future development of theory. 

One can, perhaps, justly expect that in the near future more definite methods 
for the determination of the temperature of formation of minerals will be de- 
veloped. This may have been done for pyrite (18). See also Ingerson (9a) 
and Scott (17a). One of the main bases for classification can and doubtless 
should be temperature. This writer suggests that the maximum temperature 
reached possibly should be used because of the usual progressively greater re- 
flection of progressively greater temperatures on the character of the gangue 
and wall rock. Or the extremes perhaps should be averaged. As Butler has 
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suggested ° the temperature range of the common sulphides may be about the 
same in all types of deposits, and, therefore, may not be great enough for classi- 
fication purposes. 

Methods that will reveal the pressure at the time of origin are likely to be 
developed. Pressure of the fluids may have significant but yet undetected 
expression in ore deposits, perhaps as secondary variants in character. Ina 
two dimensional diagram such as is here presented (Fig. 1) it could be ex- 
pressed somehow in a third dimension normal to the plane of the diagram. 

The depth of origin, difficult and uncertain as the determination of this is 
and likely will continue to be, may be an essential and critical part of any clas- 
sification. Rock pressure, temperature, and rock flowage are factors gener- 
ally progressively more prominent in depth and therefore modify ore deposits 
of progressively greater depths of origin. Possibly the grouping should be 
restricted to shallow and deep only, as a concession to the present uncertainties 
of determination. As a rule one arrives at a conclusion as to the depth of 
origin of a given ore deposit in quasi-objective manner, or at times in a sub- 
jective manner if one follows published formal classification. Nevertheless, 
labeling of a deposit as shallow or deep is usually done with some confidence. 
The various tools of, and inferences from, stratigraphy and from sequential 
events are used, as well as the texture and structure of the mineralization and 
its rock environment. The reasoning for this has, to some extent, been based 
on unproved hypothesis. For example, ore is supposed to be directly related 
to adjacent igneous rocks such as stocks. If one determines the depth of in- 
trusion one then obtains the depth of the mineralization. The adjacent igneous 
rocks, however, generally seem to have been frozen at great depths before the 
ore mineralization occurred. The amount of erosion that occurred during this 
time is unknown but has been and may be great. The Climax, Colorado, 
stock, for example, is Precambrian, the mineralization, Tertiary. 

The general recognition that the pyrometasomatic deposits are a variant of 
“hypothermal,” that is, are the latter conditioned by walls of carbonate rock, 
seems to be an important step ahead. Similar variants of other major classes 
are induced by carbonate walls. Are not the important manto and bedded 
deposits in limestone equivalent to the “mesothermal” of common usage and 
the Mississippi Valley type to the “epithermal”? The latter question, if an- 
swered in the affirmative, may leave no place for Graton’s telethermal (7). 
Thus a separation on the basis of carbonate and non-carbonate wall seems to 
have significance. The effect of a carbonate wall on most mineralization is 
extreme. It also has important economic aspects. 

A first proposed classification (Fig. 1) is divided into two principal divi- 
sions, magmatic" and fugitive. The fugitive division is subdivided into two 
sections: carbonate rock host and siliceous rock host. These sections are 
subdivided by assigning well known types of deposits to areas in diagrams 
which plot the temperatures of origin on abscissae and depths or origin on 
ordinates. For the time being it may be advisable to divide the ordinate into 
two parts only, shallow and deep with 5,000 feet as the depth of division. Few 


6 Oral communication. 
7 Proposed terms. 
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“epithermal” deposits seem to have originated at depths greater than this, so 
this level may have some genetic significance. In carbonate and non-carbonate 
rocks there is every gradation of types from shallow-warm to deep-hot and 
doubtless from the hot and/or deep types to the magmatic types. Since the 
amount of carbonate in walls varies, for many deposits are in mixed carbonate 
and siliceous walls, there is a crossing-over and gradation of type from car- 
bonate to non-carbonate in the different categories of depth and temperature. 

Most of the areas in the diagram seem to represent distinct, well known 
types or phases of ore deposits and can be given names of common usage. 
Few wholly new terms seem to be needed. Although the basic meaning 
of xenothermal etymologically does not seem appropriate, because high 
temperature-shallow deposits are not rare and are indeed to be expected in 
the light of fumarolic and hot spring studies, the term has not been distorted 
with use and probably should be retained. Recently it was of considerable 
interest to the writer to hear Dr. B. S. Butler say that some massive quartz- 
precious-metal veins of shallow origin called “epithermal” should really be 
called “mesothermal” or “hypothermal.” This further suggests that the Lind- 
gren terms are used with variable meanings. 

The tertiary carbonate and tertiary siliceous types regardless of age would 
include the deposits variously classed as tertiary, epithermal, shallow, or vol- 
canic types. The carbonate metasomatic and siliceous metasomatic types 
would include the mesothermal and some hypothermal veins, limestone replace- 
ments, mantos, etc. The carbonate pyrometasomatic and siliceous pyrometa- 
somatic types would include the pyrometasomatic, contact metamorphic, contact 
pyrometasomatic, and some hypothermal deposits. Lindgren’s term hypo- 
thermal should probably be retained for the areas of deep-high temperature. 
There is unlikely to be a contradiction in the original meaning of the term in 
the area to which it is here assigned. 

The subdivision of the “epithermal’” or “Tertiary” type into tertiary car- 
bonate and tertiary siliceous types should be useful. The carbonate division 
seems to include Colquijirca, Peru, Ashbrook, Utah, and a group of rich silver 
deposits in carbonate walls in southwestern New Mexico that includes Kings- 
ton, Chloride Flat, Georgetown, and Lake Valley. There must be many other 
examples. The siliceous division includes the conventional “epithermal” 
veins, stockworks, etc. in volcanic and other siliceous rocks. 

The siliceous pyrometasomatic type is less common than the carbonate 
pyrometasomatic, but there are nevertheless bodies of high temperature sili- 
cates such as garnet and epidote with ore minerals that replace igneous rocks, 
quartzite and shales. A well known example is the copper district of Mate- 
huala, S.L.P., Mexico. 

The metamorphic type grouped with the hypothermal includes deposits 
resulting from dynamic metamorphism and heat such as those of graphite, 
actinolite asbestos, talc, soapstone, etc. 

It is the writer’s hope that in time the use of the diagram will more exactly 
outline the areas occupied by distinct types. There are, however, many obvi- 
ous difficulties, and doubtless also hidden ones. For example, the close deter- 
mination of depth of origin may remain elusive, and we may be restricted to 
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the use of the designations of shallow or deep for most deposits. The variation 
in temperature during the origin of a given deposit can be expressed as a line 
connecting two or more coordinate plots. Presumably this line normally 
would be horizontal, though in volcanic areas significant erosion could modify 
the factor of depth during mineralization. In the Tri-State mining area the 
paragenetic sequence given by some authors covers a time interval of more 
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than a geologic period possibly from Mississippian to Tertiary, that is, from 
the time of origin of the early chert to that of the ore minerals. Here the plot 
would not be necessarily a horizontal line unless the chert is proved to be 
largely syngenetic. 

Should it appear desirable to combine the categories of carbonate and sili- 
ceous rock host, not much change in the terms or their position would be 
needed (Fig. 2). There would be fewer terms, but a less clean separation of 
the types that are distinct because of differing rock environment. Neverthe- 
less, such a combination would make a simple, easily remembered diagram and 
the qualification of carbonate or siliceous rock host perhaps could be annotated 
somehow. Both schemes fill the specification that a classification should have 
a place for each type of deposit and no deposit of the same type should fall into 
several pigeonholes, although sublimates probably would not be uniquely con- 
ditioned by the type of wall. Hot spring deposits seem to be so conditioned. 
The abscissa has been extended to greater depth on Figure 2. In Figure 2 
some of the possible paths of gradation of types from the hot magmatic zone 
to the shallow hot and cool zones are indicated by arrows. The characteristics 
of deposits in area “Y” appear to need further study. Deposition of ore below 
five miles may be rare or at least represent a type rarely seen. Area “X,” 
where the temperature is below the extrapolated geothermal gradient, may 
seldom offer conditions favorable to ore deposition although it is conceivable 
that at great depths, because of low temperatures, it might then be more favor- 
able than area “Y.” 

The question might be asked: why use the depth factor at all? In the 
fugitive group, at least, depth appears to have critical effects. The process of 
replacement becomes more prominent in respect to filling as depth increases, 
low temperature minerals are rarer, minerals with low vapor tension compo- 
nents are more common and the effect of rock pressure increases. Great 
depth results in pressure lens types and other types of deposits largely predi- 
cated by dynamic pressure in addition to heat. 

In conclusion, after passing the extreme of the Plutonist school in the hy- 
pothesis of Spurr and Niggli and pausing for a long time in the conservative 
position of Lindgren we now may be progressing to a modified group of con- 
cepts. The extreme Plutonist view will probably not be seriously revived 
again. The Neptunist views are still seriously considered by some for the 
Mississippi Valley type of deposits. That a stand can be made on middle 
ground seems to be indicated by fumarolic-hot spring studies. In the near 
future great strides should be made in the determination of the temperatures 
and pressures of origin, and, it is to be hoped, for an indication as to the char- 
acter and state of the transporting agents. Solving these particular matters 
will put the theory of genesis and classification on a sounder basis. 

The Lindgren hypothesis and classification appears to be vulnerable from 
several critical aspects particularly as regards to the triple implication of depth, 
temperature and pressure of the terms epithermal, mesothermal and hypo- 
thermal. The writer suggests the use of a classification based on the appar- 
ently fundamental factors in genetic classification: depth and temperature 
where charts are used with ordinates denoting depth and abscissae tempera- 











680 HARRISON SCHMITT. 


ture. Areas in these charts represent well known genetic types and to which 
well known terms can be assigned. Such a classification seems to be objective 
and fundamental and unlikely to be subjected to substantial modifications as 
the theory of ore deposits is further developed. 


Strver City, New Mexico, 
April 20, 1950. 
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ABSTRACT. 


A discussion is presented on the genesis of asbestos and barite that 
occur in the Vempalle limestones associated with intrusive basic sills in 
some parts of Cuddapah district, South India, based upon their field-rela- 
tionship, optical study, and petrochemical analyses. 

Microsections of contact-rocks were examined and the roles of re- 
placement and alteration assessed. Chemical analyses of rocks have been 
tabulated alongside comparative data. Progressive enhancement of mag- 
nesia, silica and combined water toward the igneous sill is inferred from 
the data for establishing serpentinization by the action of hydrothermal 
solutions. 

Chrysotile asbestos is surmised to have developed in the zone of ser- 
pentinization and acquired its fibrous habit by growing along a line of 
least pressure normal to the vein-walls. Barite is indicated to have been 
deposited by the mingling of ascending barium-bearing and descending 
sulphate-bearing waters in earlier formed fissures. 
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INTRODUCTION, 


THE asbestos and barite deposits of Cuddapah district, South India, which oc- 
cur in association with Vempalle limestones and intrusive sills have acquired 
some economic importance, and a study of their genesis is of scientific interest. 

It is surprising that pioneer workers like William King, Bruce Foote, and 
Oldham, who carried out reconnaissance surveys of this area and have recorded 
their observations in several publications, should have failed to note the occur- 
rence of these deposits. King (31) * records his observations of wavy seams, 
patches and knots of serpentine in limestone strata at their contact with basic 
sills in the Papaghni valley, Malkapur terrace, and in the neighborhood of Ven- 
gannapalle and Muddavaram. No mention, however, is made of the associated 
chrysotile veins. Lake (33) describes the basic eruptive rocks of the Cuddapah 
area as highly magnesian and thinks that they are interesting in connection 
with the presence of serpentine rocks in the Papaghni beds. He regards ser- 
pentine as a derivative of augite and olivine, forming so large a part of the trap 
rocks. Fox (17) in his report suggests that the Vempalle stage of the Pa- 
paghni series is deserving of a close search for veins of asbestos and barite. In 
continuation of the work carried out by Fox, Coulson (14) followed the con- 
tacts between the Vempalle limestones and the intrusive sills along their strike, 
and Memoir 64 of the Geological Survey of India is a record of his observations 
on their occurrence and aspects of genesis. 

More recently Krishnan and Balasundaram (32) have published some de- 
scriptive and analytical data on the Vempalle limestone and associated rocks. 
Balasundaram (5) confirms the surmise of Coulson that the deposition of bar- 
ite is connected with several faults encountered in the Cuddapah basin. Vem- 
ban’s paper (52) deals with the petrology and petrochemistry of Cuddapah 
traps. 

Scope and Methods of Study.—The scope of the present investigation was 
to study in the field the inter-relationship between Vempalle limestones and 
sills with special reference to the genesis of asbestos and barite. Towards this 
objective, parts of the Pulivendla and Vemula areas, where such deposits 
abound, were carefully mapped, and representative specimens for study were 
collected during field work. Field observations were recorded for various 
zones of contact. The specimens were studied by chemical and optical meth- 
ods in the laboratory, from which an attempt has been made to suggest the pos- 
sible mode of origin of asbestos and barite. 

Location.—The Vemula area included in this report is defined by N. Lat. 
14°-19’ and 14°-24’ and E. Long. 78°-15’ and 78°-25’. It forms a portion of 
sheet 57 J/7.2_ The Pulivendla area forms the N.E. portion of sheet 57 J/3.* 
Pulivendla is reached by a trunk road from Cuddapah, the district headquarters, 
and Tadpatri, an important town. The asbestos and barite mines are situated 
along the flanks of the hills in the Pulivendla taluk. 

Physiography.—The general features that impress one at the outset are the 
parallel ridges with steep scarps on the southern side and gentle slopes on the 


1 Numbers in parentheses refer to Bibliography at end of paper. 
2 Refer to Survey of India sheets of scale 1 inch to a mile. 
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northern side. There is an apparent variation in the strike of the formations. 
The E.-W. strike of the hills in the Vemula area progressively changes to 
N.W.-S.E. in the Pulivendla area, recalling the arcuate nature of the Cudda- 
pah basin. 

The area to the south of Vemula and southwest of Pulivendla are generally 
hilly and forest-clad whereas the region to the north and northeast comprises 
extensive plains of cultivable fields with broken hills rising abruptly above the 
surrounding plains. The Palakonda hills in the south constitute the Gorivi- 
kanama and Dorigalla Reserve forests and form the main watershed of the 
streams traversing the area. The ultimate goal of all the streams is the Pa- 
paghni river. Natural springs issuing from crevices of the limestones add to 
the scenic grandeur of the area. Orchards are grown around these perennial 
springs. 

The climate varies greatly, reaching a maximum of 110° F during the hot 
season and a minimum of 60° F in winter months. The region receives an 
average rainfall of 20 inches. The area abounds in a variety of soils both 
residual and transported—black, brown, sandy soils, and alluvium. 


GEOLOGIC FORMATIONS, 


For a geologic map of the area attention is invited to the Memoirs by King 
and Coulson. The more salient features of the formations encountered in the 
area are: 


{ Tadpatri Shales 

| Pulivendla Quartzites 
Vempalle Limestones 

| ide Dee as Pee Gulcheru Quartzites 


Cheyair Series 


Papaghni Series 


The Papaghnis and Cheyairs outcrop in the area without any recognizable un- 
conformity. The basal beds of the lowest Gulcheru quartzites are not present 
in the area. The next in geological succession, namely Vempalle limestones, 
form the country rock and have a wide distribution. 

Vempalle Limestones——The strike of the Vempalles varies from E.-W. in 
the Vemula area to N.W.-S.E. in the Pulivendla area, the dip being 20-30° 
NNE. They consist of limestones and intercalated calcareous and ferruginous 
shales. The limestones are mostly of pale color, fine-grained, and compact, 
breaking with a subconchoidal and splintery fracture. They are generally 
siliceous and contain bands and lenses of chalcedony and jasper. The siliceous 
bands show an oOlitic appearance on weathering. 

The limestone strata are denuded into a set of parallel valleys between low 
and rounded hills. They outcrop all around a hill in the form of ringed, con- 
centric and parallel layers as in the vicinity of Erraballa, because of their low 
dips. 

Pulivendla Quartzites——The overlying Pulivendlas consist of quartzites 
and conglomerates outcropping strikingly as low ridges in the neighborhood 
of Nandipalle, Kottapalle, Rachegaripalle (57 J/7), Ramanutiapalle and Lin- 
gala (57 J/3). They strike and dip in conformity with the other formations. 











684 P. B. MURTHY. 


Purplish quartzites and compact conglomerates constitute the Pulivendlas. 
The quartzites are medium-grained in texture and in many places are traversed 
by stringers of quartz and calcite. The conglomerates consist of pebbles of 
jasper and other varieties of cryptocrystalline silica embedded in a matrix of 
quartzite. 

Tadpatri Shales—The Pulivendlas are succeeded by Tadpatri shales. 
Purple and gray shales with thin intercalations of limestone outcrop in the 
neighborhood of Tatimakulapalle and Kottapalle. They share the structural 
features of the other formations. 

Basic Sills —Basic sills have intruded the upper members of the Vempalle 
limestones. In places they exhibit a difference in grain size between the center 
and the margins of the sill, as in the vicinity of Pulivendla (near the 38 mile- 
stone on the Cuddapah-Pulivendla road) and consist of composite sills of 
dolerite and a dark scoriaceous rock rich in olivine. This is probably indicative 
of differentiation on a minor scale. The basic rocks show gradations from fine 
to medium textures. Some of the rocks in the group are drusy, with secondary 
infillings of quartz and calcite. 

FAULTING. 


During the course of field work the faults described by Coulson (14) in the 
area were observed in some detail. These faults could be recognized in the 
environs of Tallapalle, Rachegaripalle, Ippatla, and Ramanutiapalle. The Tal- 
lapalle fault striking northwesterly has displaced the Pulivendla quartzites east 
of Tatimakulapalle and similar rocks north of Tallapalle. The villages lie on 
either side of the 32 milestone on the Cuddapah-Pulivendla road. Likewise 
the quartzite ridges in the vicinity of Rachegaripalle have been displaced, the 
fault striking nearly east. Dislocation of basic sills and intercalated limestones 
and shales suggests block faulting in counter direction in the neighborhood of 
Ippatla and Chinnakudala. In the latter area the quartzites have been faulted 
so as to lie along the continuation of the strike of the Ippatla~Chinnakudala 
basic sill. 

ASBESTOS BELT. 


The numerous occurrences of asbestos form a more or less linear belt ex- 
tending from Brahmanapalle to Lopatanutula. The sequence of formations in 
the order of superposition comprises a lower fine-grained dolerite sill and an 
upper thicker epidotised sill, with intercalated magnesian limestones and red 
shales. 

The zone of contact between the lower dolerite and the overlying limestones 
has favored the formation of serpentine and asbestos whereas a similar asso- 
ciation with the upper dolerite sill is practically barren of asbestos. Probably 
the siliceous nature of the limestone underlying the ‘sill accounts for this fea- 
ture. The contact zone of serpentinization is about three feet in width and is 
seamed by cross-fibered asbestos veins that reach a maximum width of about 
three inches. Veins vary considerably in width, but the individual fibers do 
not always extend across the whole width; commonly one or more partings of 
serpentine may occur. The fibers are golden-yellow in color and silky in 
luster. 
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Serpentine of various shades of green shows a greasy luster and a splintery 
fracture. It is generally crossed by thin laminae of silica and in places is oc- 
casionally associated with magnetite and pyrite in the immediate vicinity of the 
igneous contact. Fibrous quartz is associated with serpentine in the Brahman- 
apalle and Chinnakudala areas and it appears to be a product of replacement. 


BARITE DEPOSITS. 


Most of the barite deposits studied lie on sheet 57 J/7. Barite occurs in 
veins of varying width in trap and limestones. In places a series of veinlets 
anastomose and join to form a larger vein. A significant feature of these veins 
is that they dip at steep angles counter to the general northerly dip of the for- 
mations. The veins strike westerly in the Vemula area and northwesterly in 
the Pulivendla area. 

Barite in the Basic Sills—The deposits in the basic sills south of Rachegari- 
palle, Gondipalle-Kottapalle, and north of T’Velamvaripalle appear to lie along 
the Rachegaripalle fault plane and its eastward extension. The Kottapalle de- 
posits form a rather lengthy zone of mineralization extending easterly for over 
two miles along the flanks of the basic ridges. The dip of the veins varies be- 
tween 60° to 80° south. The width varies greatly, reaching a maximum of 
about 15 feet. There are other deposits north of this line in the plains below 
and also in the vicinity of Nandipalle where pits have been sunk to test the de- 
posits. The veins are associated with vugs, which are lined with crystals of 
quartz and calcite. Some chalcopyrite is embedded in the barite. 

Barite in Limestone.—Barite deposits are located in the Vempalle lime- 
stones in the proximity of Bakkannagaripalle, Midipenta (57 J/7), Ippatla, 
Chinnakudala, and Ramanutiapalle (57 J/3). The veins are bordered by cal- 
cite and quartz. Slickensides and included fragments occur in the deposits. 
The veins pinch and swell along their wandering course, but their walls are in 
a sharp contact with the limestone. 

It is, however, interesting to record that all grades of barite occur in the 
basic sills as well as in the limestones. 


OPTICAL STUDY. 


The basic rocks are composed mainly of pyroxene and plagioclase in sub- 
ophitic relationship. In the olivine-bearing types, olivine is enclosed by large 
crystals of pyroxene ; some quartz occurs interstitially. Fine-grained types re- 
veal a vague mesostasis of weakly-refracting glass with grains of opaque mag- 
netite and microlites of feldspar. The rocks are altered considerably with the 
formation in some cases of palagonite, sericite, serpentine, and kaolin. 

A thin section of a specimen from the lower dolerite sill, 14 mile southwest 
of Chinnakudala, is composed mainly of plagioclase feldspar, pyroxene, and 
grains of olivine and magnetite presenting the following features : 

Plagioclase—The plagioclase has a strong tendency to idiomorphism. 
Stumpy and elongate prisms of augite are distinctly seen enclosing small laths 
of feldspar of an earlier generation. Polysynthetic twinning is noticeable. 
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The feldspar is recognized as labradorite from its angle of extinction. Sericite, 
calcite, and kaolin are the secondary products of alteration. 

Pyroxene.—The pyroxene is colorless and non-pleochroic. Purplish tints 
indicate that it is titaniferous. The pyroxene grains are larger in size than 
the feldspars. Augite forms the pyroxene and wraps around the feldspars. 
Some of the pyroxene is altered into chlorite and serpentine. The optic axial 
and the maximum extinction angles were determined on the Federov’s Uni- 
versal Stage to be 2V = + (60° to 62°); CA Z= 42°. 

Magnetite-—Clots of magnetite are scattered in the groundmass. Cloudy 
masses of leucoxene are associated with it, indicating that the magnetite may be 
titaniferous. 

Quartz-dolerite and picrite form members of the basic sill cropping out in 
the neighborhood of Vemula and Pulivendla. The picrite from both places is 
composed largely of olivine, orthorhombic and monoclinic pyroxenes, and sub- 
ordinate plagioclase feldspar. 

Olivine.—Olivine of an earlier generation shows partial serpentinization. 
The optic axial angle is + 88°. 

Pyroxene.—From its straight extinction, non-pleochroism, and optic axial 
angle (2V =-80°) the rhombic pyroxene is identified as enstatite. The mono- 
clinic pyroxene is augite, presenting the usual characters. The quartz-dolerite 
shows identical characters of the constituent minerals. 

A comparative study of the pyroxenes found in the Cuddapah traps with 
those in the “Newer Dolerites” of Kheonjhar, Bihar and Orissa, Gwalior, and 
the Deccan traps reveals that the Cuddapah traps are characterized by the pre- 
dominance of monoclinic pyroxene with a large optic axial angle and the ab- 
sence of pigeonite of a low optic axial angle. 

Quartz-Epidote Rock (Epidosite).—Quartz and epidote are found asso- 
ciated with the trap. Quartz appears to fill interspaces in the highly altered 
trap rock in the proximity of limestones. The earlier deposited quartz is more 
cloudy than the later quartz, which has developed in optical continuity with 
the former. Carlton Hulin (9) has recorded a similar phenomenon and names 
it “Phantom Veinlets.” 

Epidote —Epidote is either lamellar or granular, embedded in quartz. The 
grains are recognized by their high refractive index, pleochroism and polariza- 
tion colors of a higher order. Some grains show a wavy or undulose extinc- 
tion. The extinction angle varies from 25° to 30°. The optic axial angle and 
the scheme of pleochroism are: 2V =— (78° to 86°) ; X—Yellow to pale 
green, Y—Pale blue to greenish yellow, Z—Yellowish green to pink. 

The contact metamorphism of intrusives on the limestones appears to ac- 
count for the formation of bunches of epidote in the proximity of the sill. 

Marble.—Thin sections of marble occurring as’ pockets in the Vempalle 
limestone belt from Vemula have been studied optically. They do not show the 
presence of any typical contact metamorphic minerals. Calcite and dolomite 
forming the marble exhibit rhombohedral cleavages and polysynthetic twinning. 

Microsections from Contact Zones.—A section from a specimen exhibiting 
the contact between dolerite and serpentine in the Chinnakudala area shows 
altered feldspars and patches of cryptocrystalline greenish decomposition prod- 
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uct resembling palagonite, and parallel frilled veinlets of cross-fiber in serpen- 
tine. Some of the fibers are seen to project into the walls of serpentine and 
show the phenomenon of replacement admirably well. 

Another section shows veinlets of chrysotile asbestos penetrating serpentine 
in a serpentinized limestone. The serpentine shows a knitted structure in the 
proximity of these veinlets. The walls of the chrysotile seam and the enclosing 
serpentine are seen to match well, irregularities in one wall fitting into the 
other. This complementary nature probably indicates fracture-filling, the 
fractures having guided the solutions. 

Under high power it is evident that no individual fiber represents a single 
unit of growth continuous from one vein-wall to the other. 

Another section shows a vein of fibrous quartz penetrating massive ser- 
pentine. The fibers are very distinct and are normal to the vein walls, simulat- 
ing chrysotile. Quartz has been regarded as a mineral to which the fibrous 
habit is abnormal. Similar discoveries have been reported by Hawkins (2), 


Merrill (36), and Pichamuthu (40). 


PETROCHEMISTRY. 


With a view to assessing the influence of the composition of limestones in 
relation to the genesis of asbestos and barite in the area, representative samples 
were analyzed by volumetric and gravimetric methods. 

Newberry’s process (35) was employed at the outset for the simultaneous 
determination of the percentages of calcium and magnesium carbonates com- 




















TABLE I. 

Sample Locality | % CaCOs | % MgCOs | Analyst 
MD/3 Midipenta | 50.90 | 38.45 P. B. Murthy 
CH/12 Chinnakudala 49.58 | 29.97 | P. B. Murthy 

IP/9 Ippatla 40.30 29.54 P. B.“Murthy 
VL/8 Velpula 83.62 7.83 P. B. Murthy 

G/1 Guttikonda | 38.68 12.99 T. M. Rao (42) 

S/R Pakhals | 58.20 | 26.10 | P. V. Rao (43) 
6/R Ramagundam 55.60 | 39.14 P. V. Rao (43) 
P/4 Piduguralla | 85.60 | 1.00 T. M. Rao (42) 


posing the limestones. The results are presented in Table 
parative data. 

It may be seen from the above table that the Vempalle limestones from thé 
area under report (MD/3, CH/12, IP/9, VL/8) are highly magnesian, un- 
like the limestones from the Palnad (P/4). 

The limestones of Chinnakudala and Mutchukota were analyzed and the 
data recorded in Table II. It may be seen from the table that the results cor- 
respond with those of similar rocks lying elsewhere in the Vempalle limestone 
belt. The results also show that the Palnad limestones are comparatively low 
in magnesia. 

Asbestos is associated with serpentine and is confined to a narrow zone in 
the magnesian limestones close to the intrusive sill. In view of this association 
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PROGRESSIVE VARIATION OF CONSTITUENTS 
(See Table III) 
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it was thought that the analyses of specimens picked from the same horizon at 
short intervals of a foot at one spot would furnish important data. The results 
obtained are presented in Table III. A glance at the table reveals progressive 
variation of the constituents establishing the fact that there has been a migra- 
tion of silica, magnesia, and water from the igneous sill outwards (Fig. 1). 
The comparative analyses of chrysotile in Table III indicate that silica, 
magnesia, and combined water form the chief constituents of chrysotile and ser- 
pentine. Molecular proportions of siltca, magnesia, and water have been calcu- 














TABLE II. 
it ss el ae oe an. a ae me eethor wae iS ery a a . 
CH/2 | I K | I | MK/I P/4 | 28 
SiOz 5.02 | 5.24 | 3.14 eae, ee oe ee 
AlsOs ) | | | | 1.60 
1.74 210 | 1.46 185 | 162 | 2.54 | 
Feel Ys J | | | 1.60 
CaO = |_=s«42.82 45.06 | 45.61 | 49.25 | 30.27 | 47.27 | 25.56 
MgO | 7.65 6.44 8.09 | 3.53 20.04 | 1.13 21.24 
BaO | nd. 0.75 | 0.07 0.15 | — | at ak 
CO: 41.99 38.26 40.49 38.23 45.57 38.38 — 
HO 836|~—s(0.43 2.50 0.91 1.00 | 0.35 0.73 | = 
Total | | 99.77 | 99.41 | 99.78 | — 
' ' 


99.65 | 100.35 


7 
© 
oo 
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CH/2—Lowest magnesian limestone, 4% mile S.W. of Chinnakudala (Murthy). 
I—Lowest magnesian limestone, Ippatla (14, p. 157). 

K—Lowest magnesian limestone, Karnapapayapalle (14, p. 157). 

L—Middle magnesian limestone, Lopatanutula (14, p. 157). 
MK/1—Dolomite, Muchukota (Anatapur) (Murthy). 

P /4—Palnad limestone, Piduguralla, Guntur Dt. (42). 

28—Pulivendla limestone, Cuddapah Basin, Geol. Surv. Ind. Labs. (5). 
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TABLE III. 





1 
| cH/2 | ¢ ya cure | poy A B | c G | 
SiO» 5.02 | 12.86 | 40.57* 690 | 41.43 | 43.50 | 41.58 | 39.62 | 41.70 
Al:Os ) 129) Oi 
S 1.74 2.48 

Fe2Os } 0.46 1.61 4.52 3.50 

FeO _— — 2.08 1.69 i909 | — 

CaO 42.82 | 33.89 11.82 0.57 — — cr. | — 

MgO 7.65 16.41 27.37 1042 41.68 | 40.00 | 42.61 39.73 | 38.90 

CO» 41.99 30.70 $0 |) = = ft a: eee 

H:0 0.43 3.87 | 8.24 708 12.74 | 13.80 | 13.70 | 13.75 | 13.89 
Total | 99.65 | 99.48 | 99.61 | — 98.90 | 99.78 |100.00 {100.33 | — 


| | 


CH/2—Magnesian limestone, 4% mile S.W. of Chinnakudala (Murthy). 

CH/20 (a)—Serpentinised limestone, Chinnakudala (Murthy). 

CH/20 (b)—Calcareous serpentine, Chinnakudala (Murthy). 

* The value is a little high in view of the association of small veinlets of silica which could not 
be separated. 

A—Chrysotile Asbestos, Chinnakudala (Murthy). 

B—Chrysotile Asbestos, Reinchenstein, quoted by Selfridge (45). 

C—Chrysotile Asbestos, Goujot, quoted by Selfridge (Delesse). 

G—Chrysotile Asbestos, Canada, quoted by Howling (26). 

E—Chrysotile Asbestos, Venezuela, quoted by Davey (15). 


lated from the weight percentages (ignoring the other oxides) of the anal- 
ysis in A (Table III), and they give the formula of chrysotile as 3MgO.2SiO.,,. 
2H,0. 

A specimen of barite from the Gondipalle mine was analyzed and the re- 
sults are given in Table IV. 








TABLE IV. 
| GN/4 R/1 | R/2 | SP 
BaO | 65.22 65.48 65.65 64.05 
SO; 33.90 34.17 34.27 33.71 
BaSO, | 99.12 99.65 99.92 97.76 
| 4435 | — 


Sp. gr. 4.52 4.435 


GN /4—Barite, Gondipalle mines, Cuddapah Dt. (Murthy). 
apd —Barite, Razampet, quoted by Coulson (Mahadeo Ram). 


SP—Barite, South Park, Colorado, quoted by Howland (25). Analysts—R. W. Hunt & Co. 


A limestone collected within sight of the Midipenta barite deposits gave 
0.05 percent of barite, and another collected just north of the village did not 
show even a trace of barite. It is presumed, therefore, that the barite in the 
former specimen is not original, but introduced from the near-by igneous sill. 
A trap rock from the Kottapalle barite deposit was analyzed and it gave 0.01 
percent of barite. 

A specimen from the lower dolerite sill of Chinnakudala was analyzed and 
results are shown in Table V. 
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TABLE V. 
3 l a | a rea 
CH/1 P Q R Ss I 
SiOz | 46.14 48.64 | 46.63 | So3i | Sead «| | «366 
TiOz 1.24 1.50 1.60 | 0.80 1.59 1.91 
Al2Os 12.75 14.05 12.26 14.35 11.73 13.58 
Fe20s 3.86 2.84 3.84 1.38 2.02 3.19 
FeO 11.52 11.75 10.94 9.94 11.94 } 9.92 
MnO n.d. 0.34 0.70 0.18 0.50 0.16 
CaO 12.10 9.52 12.20 8.85 10.05 9.45 
MgO 5.48 6.43 | 6.46 aa 5.45 5.46 
NazO 4.03 2.23 2.73 | 2.97 4.47 2.60 
K20 1.02 0.69 | 0.16 1.15 | 0.95 | 0.72 
P2Os 0.08 0.14 0.19 0.24 0.74 } 0.39 
H.0+ 2.17 1.79 2.81 2.08 1.70 
0.81 

H.0— 0.21 0.43 0.24 0.17 | 0.43 

Total 100.60 100.35 | 100.76 99.95 


| | 100.43 | 100.12 


CH/1i—Dolerite sill (lower), Chinnakudala (Murthy). 

P—Dolerite from Vemula on the Cuddapah-Pulivendla road, Vemban (52). 

Q—Dolerite from asbestos mine, Brahmanapalle (Roy & Mahadeo Ram). India Geol. 
Survey Mem., vol. 64, pp. 224-225, 1934. 

R—Newer dolerite (average) from Bihar and Orissa, quoted by Vemban (L.A.N. Iyer & 
Roy). 

S—Average Gwalior trap (M.P. Bajpai), Jour. Geology, vol. 43, 1935. 

T—Average Deccan trap (H. S. Washington), Geol. Soc. America Bull., vol. 33, 1922. 


GENESIS OF ASBESTOS. 


Field observations in the asbestos belt of the Pulivendla area indicate: (a) 
the intrusive nature of the sills invading the upper members of the limestone; 
(b) the confinement of serpentine to a narrow zone very close to the lower sill, 
independent of the zone of weathering; (c) less and less serpentinization as 
the distance from the sill-contact increases ; (d) intimate association of asbestos 
seams with massive serpentine and serpentinized limestone all along the belt; 
(e) cross-fiber veins persist in the direction of dip; (f) presence of magnetite 
and pyrite in the contact zone. These observations point to the influence of the 
intrusive sill in the formation of asbestos. 

It may not be out of place here to draw attention to chrysotile deposits 
occurring elsewhere. A study of the reports by Bateman (6), Cirkel (11), 
Coggin Brown (13), Davey (15), Goudge (18), Otis Smith (38), Charles Pa- 
lache (10), and Sen Gupta (46), reveals that asbestos could be sought wher- 
ever serpentine rocks occur and most hopefully so where they have been in- 
truded by igneous dikes or sills. Bowles (8), Hall (20), Melhase (28), and 
Noble (37) have reported from the United States, Transvaal, and Arizona the 
formation of chrysotile veins at the junction of magnesian limestones and basic 
sills. Pearson (39) and Hou (24) have recorded chrysotile veins from Aus- 
tralia and China at the contact of limestones, intrusive granites, and pegma- 
tites. All these several occurrences amply demonstrate the intimate association 
of serpentine and asbestos and the influence of igneous intrusions, wherever 
recorded, in the development of asbestos. 

The Problem of Serpentinization.—Serpentine forms in a variety of ways. 
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Dresser (16), Graham (19), and Benson (7) have regarded serpentinization as 
a fairly deep-seated phenomenon resulting from an autometamorphic altera- 
tion, that is, alteration of the igneous rocks by the residual solutions of the same 
igneous cycle. Serpentinization is, however, brought about by water charged 
with COs or SiOz, though there is some difference of opinion as to the ultimate 
source, inherent and magmatic, or extraneous and meteoric, of water. 

A few possibilities suggest themselves at the very outset. 


1. Serpentine could have formed as a product of alteration of pyroxene 
or olivine. 

2. Serpentine could have formed directly from dolomitic limestone as en 
visaged in the equation: 


3CaMg(COs)2 + 2SiOz + 2H2O — H4Mgs3SivOg + 3CaCOz + 3COz 


3. Serpentine could have formed as an alteration product of magnesian sili- 
cates such as diopside and tremolite. Van Hise (51) has proposed this 
type of alteration in his zone of anamorphism by which dolomites are 
transformed to silicates. 


The third possibility seems impossible since there is no evidence of the 
earlier formation of either tremolite or diopside. 

The data furnished by the analyses (Table III) reveal a progressive varia- 
tion establishing the fact that there has been migration of silica, magnesia, and 
water from the igneous sill outwards, and this accounts for the formation of 
serpentine as indicated by the equation in 2. There is also reason to believe 
that the magnesian nature of the limestones has also influenced the formation 
of serpentine to a certain extent. 

Optical data reveal that a portion of the serpentine is attributable to the 
alteration of olivine and pyroxene of the dolerite by the same residual solutions. 
Coulson too admits of this probability (14). 

Source of Water for Serpentinization—tThe process of serpentinization im- 
plies extensive hydration. The water may have been either inherent in the 
magma or acquired by the magma from the invaded rocks. 

In the absence of a definite unconformity between the Papaghnis and Chey- 
airs the sills are, geologically speaking, not very much older than the Vempalle 
rocks. The age of the sills, as Coulson (14) suggests, thus affords a means 
to seek the assistance of connate moisture of the consolidating sediments in the 
development of serpentine. The confinement of serpentine in the contact zone, 
and its persistence in the direction of dip of the sill, are significant, and the ad- 
duced hydrothermal alteration goes well with these observations. 

Serpentine is invariably associated with patches of magnesite and opal in 
the zone of serpentinization. This requires an explanation. The carbonated 
waters acting on serpentine are quite capable of altering it into magnesite and 
the liberated silica goes to form opal or chalcedony. 

Formation of Asbestos Veins —The genetic problem of asbestos veins is 
actually two-fold, the one concerned with the mode of development of the fib- 
rous habit properly belonging, as Rama Rao (41) suggests, to the domain of 
physical chemistry, and the other the genesis of asbestos veins as component 
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parts of serpentine, a rock of identical chemical composition. The latter is 
within the scope of our observation. 

Cirkel’s theory (11) of primary fracture-filling, Dresser’s theory (16) of 
constant ratio and replacement, Graham’s theory (19) of growth in the direc- 
tion of least pressure, Taber’s theory (48) of lateral secretion and the observa- 
tions of Bateman (6), Sagui (44), Keith and Bain (30) on various chrysotile 
deposits are interesting. All these theories presuppose the existence of frac- 
tures in the rocks and several ingenious explanations have been offered to ac- 
count for them. The theories explain the formation of chrysotile by one or a 
combination of the following recognized processes : 


(a) Deposition in open fissures. 

(b) Replacement of the wall-rock along fissures that have earlier served 
as thoroughfares for the circulation of solutions. 

(c) Crystallization of serpentine in situ. The fibrous habit of chrysotile 
is regarded as an accentuation of the normal prismatic habit and cleay- 
age through the limitation of crystal growth to a single direction gov- 
erned by physical conditions. 


Optical Data and Their Import.—The varying width of asbestos seams and 
their penetration into serpentine suggest replacement. Matched walls exhibited 
by the seam and the enclosing serpentine indicate filled fractures. Under high 
power it is evident that no individual fiber represents a single unit of growth 
continuous from one vein-wall to the other. This feature is very significant 
and proves the lateral secretion theory of Taber (48). The fibers have grown 
outward normal to the vein-walls as the walls receded further and further 
through solution justifying Graham’s (19) theory. Examination of a number 
of sections has revealed that there is no constant ratio between the width of a 
seam and the serpentine on either side to confirm Dresser’s (16) hypothesis. 
So the phenomenon of replacement cannot be established on this basis. 

Chrysotile Formation.—It is suggested from all the above studies that the 
formation of asbestos is the concomitant result of the following factors in more 
or less the sequence indicated below : Intrusion of the sill, formation of serpen- 
tine, development of fractures due to the temperature-gradients set up by the 
intrusion and other factors, infiltration of serpentinizing solutions, and depo- 
sition of asbestos under pressure in the cracks developed, cooling stresses and 
their aid in the development of a fibrous habit, partial dissolution of the vein- 
walls by lateral secretion and generation of fibrous veins of a greater length, 
and cessation of chrysotile formation due to either discontinuance of the sup- 
ply of serpentinizing solutions, or attainment of temperature equilibrium both 
by the body of serpentine and the sill, which reduces fracturing to a minimum. 


GENESIS OF BARITE. 
Field observations have established the following points : 


(a) Occurrence of barite veins either in the sill or limestones. 
(b) The proximity of trap sills in the case of deposits situated in limestones. 
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(c) The confinement of barite to a narrow and steeply inclined zone in the 
country rock and sill, as well. 

(d) The occurrence of deposits on lines of structural dislocation. 

(e) Swelling and pinching nature of the veins. 

(f) Association of vugs lined by crystals of quartz and calcite. 

(g) Occasional presence of sulphide minerals like chalcopyrite in barite. 

(h) Persistence of deposits in depth. 


It will be relevant here to refer to similar features of deposits elsewhere. 
Holland (23), Jones (29), and Auden (3) reported barite veins in porphyritic 
gneiss, mica-schist, and Simla slates. The barite deposits of Ontario, Missouri, 
and Alabama reported by Spence (47), Tarr (49), and Adams (1) have some 
points of similarity. 

Thus barite is neither a mineral of igneous origin, nor one occurring in con- 
tact metamorphic or pegmatitic rocks. It commonly occurs, as Lindgren (34) 
suggests, as crystalline masses in veins formed by aqueous solutions in almost 
any kind of rock, sedimentary or igneous, commonly associated with metallic 
sulphides, quartz, calcite, and fluorite. 

Sites of Deposition—Field study has ruled out a long gap in sedimentation 
(implied in an unconformity) between the Vempalles and the Pulivendlas. 
And it is conceivable that the intrusion of the sill in the region has been accom- 
panied and followed by extensive faulting. The faults have invariably been 
the sites of deposition. 

Let us now consider the aspects of deposition. The barite deposits of the 
area may be classified as fissure and replacement veins. Barite veins in trap 
are essentially fissure veins. The remarkable alignment of Kottapalle and 
Nandipalle deposits along the earlier specified fault planes shows that they are 
largely filled fissures. Generally the association of vugs indicates the varying 
and sluggish nature of the solutions depositing the material in a vein. The 
process of replacement has little or no place in the formation of barite in the 
basic rock. 

The deposits situated in the limestones are considered to be replacement 
veins. The sharp and rounded junction between the country rock and the vein 
and the susceptibility of limestones to solution point to the probable role of re- 
placement in the formation of these deposits. It is not to be presumed, how- 
ever, that the veins are entirely formed by replacement. There has been a cer- 
tain amount of fissure-filling as well. 

Source of Barium.—The steeply inclined nature of the veins in the rocks 
suggests the activity of ascending or magmatic waters and points to the ulti- 
mate source of barium. Besides, the analysis of the Kottapalle basic rock re- 
corded elsewhere gives a clue regarding the magmatic source of barium. 

Association of Quartz.—The association of quartz with barite is significant. 
The barium-bearing liquors must have also contained silica in solution, which 
has been deposited as quartz in vugs and has also replaced and chertified the 
limestones. The concentration of barium in barium-bearing solutions could 
take place, as Coulson (14) suggests, while a good deal of silica was dispersed 
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into the country rock. The noticed silicification of the vein-walls affords basis 
for this surmise. It follows, therefore, that the silica responsible for the silicifi- 
cation accompanied the barium-bearing solutions in their upward migration 
from the parent magma to the site of deposition. 

Deposition of Barite-——Clarke (12), Hallissy (21), Hull (27), Howland 
(25), Lindgren (34), and Truscott (50) presume that the deposition of barite 
results from the mingling of barium-bearing magmatic waters and sulphate- 
bearing meteoric waters. 

In order that barium sulphate may become precipitated, the ascending 
barium-bearing hydrothermal solutions must encounter descending waters con- 
taining a precipitating agent such as sulphuric acid or a sulphate. The sulphate 
could be another derivative of the same magma or could have been derived 
from the oxidation of sulphur originally present in the Cuddapah rocks in some 
form. It is difficult to regard sulphuric acid or sulphate so necessary for the 
precipitation of barium sulphate as another derivative of the same magma in 
view of Clarke’s (12) serious objection that free silica and barite are magmati- 
cally incompatible. 

Concretions of pyrite are of common occurrence in these limestones in zones 
of perched-water-tables and in other favorably situated joint planes. It is 
conceivable that meteoric waters oxidized these sulphides and carried them 
downward to react with barium-bearing hydrothermal solutions. 


CONCLUSIONS. 


Hydrothermal solutions accompanying the igneous sills have rendered ser- 
pentinization possible in the Vempalle limestones. The connate moisture of the 
consolidating sediments could have also assisted in the formation of serpentine. 
Chrysotile asbestos is surmised to have developed in the zone of serpentiniza- 
tion and acquired its fibrous habit by:growing along a line of least resistance 
normal to the vein-walls. 

Barite is indicated to have been deposited by the mingling of ascending 
barium-bearing and descending sulphate-bearing waters in the earlier formed 
fissures. 
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DISCUSSIONS 


ORIGIN OF THE BENDIGO SADDLE REEFS. 


Sir: A paper on the origin of the Bendigo saddle reefs in Economic Geology, 
vol. 44, no. 7, pp. 561-597 by F. M. Chace claims to describe the methods of 
formation of these reefs, yet concludes with an admission that the origin, local- 
ization and position of the high grade ore shoots are unsolved problems. 

The Bendigo goldfield has almost attained a century of continuous gold pro- 
duction and in all the multitude of quartz veins which have been exposed there 
are characteristic features which in their variety have been repeated again and 
again. In addition to the well known structural features, three facts appear to 
have emerged: (1) that the veins contain gold, some more than others and the 
majority with less gold than is required for economic exploitation, (2) that the 
gold is coarse and its location in any part of an exposed vein can be determined 
by direct visual observation and (3) that the veins throughout are of essentially 
the same type, implying that they formed by the same process. This process 
may have components, operating in varying degrees in different locations, but 
it is essential that such components will blend to create a flexible mechanism to 
account for the veins with all their variations. 

It seems a clear deduction from these facts that an understanding of the 
mechanism that produces the quartz reefs should lead, if correct, to some appre- 
ciation of the reasons of the erratic distribution of the gold. If it fails, and 
Chace’s concluding sentence appears to admit his failure, it is then necessary to 
review the position and seek the misconceptions that must exist. 

Following upon the reports on the Bendigo goldfield by E. J. Dunn, 1893- 
96, the view was widely held that the veins were the result of the filling of open 
cavities. Indeed, the saddle reef on the crest of the anticline was the oft quoted 
example that quartz veins were formed by deposition in open cavities. More 
than thirty years ago I described evidence which led to the belief that some of 
the country rock had been replaced by the mineralizing solutions and the recent 
remarks by McKinstry and Ohle* and Chace appear to indicate that replace- 
ment is now a recognized part of the process of vein formation at Bendigo. 
These two modes of vein formation, viz., filling of open spaces and the replace- 
ment of country rock do not readily blend and do not yield a flexible mechanism 
to account for the combination of features claimed by Chace as due to the in- 
filling of open spaces and of features that are recognized as due to replacement. 
The difficulty of merging these two vein-forming processes into a flexible mech- 
anism is probably the main reason why protagonists of open space filling have 
been reluctant to recognize the importance of the role of replacement in quartz 
veins. When Chace avers that evidence of replacement and of open space fill- 

1 McKinstry, H. E., and Ohle, E. J., Ribbon structure in gold quartz veins: Econ. Grot., vol. 
44, pp. 87-109, 1949. 
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ing are present in a single specimen of quartz, an intimate interrelationship is 
implied and the validity of his interpretation of one or the other becomes sus- 
pect. Thus, he interprets his Figure 43 as evidence of replacement of quartz 
by gold, whereas to me in this Figure 43 the bulk of the gold appears to lie in 
the grain boundaries of the quartz. 

That such difficulty is real appears to be recognized in some measure by 
Chace because he introduces a third component that is called “growth by accre- 
tion.” This third component is essentially the idea put forward by Hulin * and 
implies a succession of steps in reef formation. Successive renewals of the 
forces that cause a succession of small open spaces are supposed to be immedi- 
ately followed by successive infillings of the open spaces. The immediate infill- 
ing of the cavities as they are produced eliminates the necessity of postulating 
the large open spaces, now occupied by the reefs. Although there is no limit 
to the number of re-openings and augmented fillings that may have occurred it 
is obvious that Hulin had in mind a finite number. If, however, the number is 
infinite and the time intervals correspondingly reduced, this step-like process 
is ironed out to a continuous mechanism and in its effect is not greatly different 
to the process which I envisage as “vein growth.” 

The process of “growth by accretion” can be debited with a tendency to con- 
fuse the phenomena of vein formation with post-vein events. This is instanced 
by the so-called phantom veinlets that Chace regards as indicating that inter- 
mineralization fracturing took place during vein formation and that more than 
one generation of quartz was deposited. These veinlets could be regarded as 
phenomena impressed upon the vein after its formation. Post-vein events at 
Bendigo have been given no consideration by Chace. Yet the intrusion of a 
swarm of monchiquite dikes is a major geological event that caused extensive 
fracturing of the reefs and a limited amount of re-solution and re-deposition of 
both gold and quartz. 

However, the conception of “growth by accretion” was put forward by 
Hulin to account for the gold shoots at Bendigo and elsewhere. Some of the 
later steps of vein formation are regarded by him as including an infilling with 
solutions rich in gold. The gold shoot is thus depicted as a later formation 
within a body of otherwise barren quartz. The idea has apparently been ab- 
sorbed by Stone * when, without discussion of the implications, he suggests 
that rich gold-bearing spurs are produced by a late introduction of enriched 
gold solutions. 

Evidence of repeated movements on fault planes is abundant at Bendigo but 
evidence of a step-like development of an individual vein is lacking. Stone over- 
comes this lack by assuming that the successive steps may have merged by “re- 
crystallization.” Chace admits that he would be happier if some evidence of the 
recrystallization could be recognized. 

Years ago I spent much time in the examination of the poor sections and the 
rich sections of the Bendigo reefs in an endeavor to find some essential dif- 

2 Hulin, C. D., Structural control of ore deposition: Econ. Grot., vol. 24, no. 1, pp. 15-49, 
1929, 


3 Stone, J. B., The structural environment of the Bendigo goldfield: Econ. Grot., vol. 32, no. 
7, pp. 890-1, 1937. 
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ference in the quartz or some discordance. The result was negative and on this 
basis Hulin’s explanation of a Bendigo gold shoot is untenable. Even if such 
evidence were available, Hulin’s conception fails to explain the localized distri- 
bution of the gold within the limits of a rich reef. Why, for example, should 
the gold in a payable saddle reef often be seen near the laminated quartz at the 
base of the saddle or along one or two laminae in a leg reef? 

Stone’s application of this idea to explain the rich spurs is unsatisfactory for 
many spurs. Where a gold-bearing spur crosses thick beds of sandstone with 
thin interbedded slate, traces of unreplaced residues of slate commonly occur at 
the intersection of the quartz with the slate, while gold, if present, is often re- 
stricted to this intersection. A longitudinal section of such a spur in the plane 
of the slate may reveal numerous particles of gold and appear phenomenally 
rich. It is beyond credence to suppose that the portion of the spur between the 
slate beds is a later introduction than the quartz between the sandstone beds. 
If it be claimed that the whole of such a spur belongs to a later introduction of 
enriched gold-bearing quartz, one is still faced in these examples with the 
problem of why one part of the spur is relatively rich and another part relatively 
barren. 

This process of “growth by accretion” as initiated by Hulin, used by Stone, 
and expanded by Chace is thus one that merges readily with the process of in- 
filling of open cavities and also has the merit of yielding a suggestion of the 
causes of the gold shoots, even though the suggestion is open to criticism. The 
replacement process, however, is not incorporated and the common association 
of gold with unreplaced residues is totally neglected and unexplained. 

There remains the process of “vein growth,” which I have previously used 
to account for features in the Bendigo quartz veins. In this process open spaces 
are unnecessary and the vein, once started, proceeds to grow and enlarge itself 
by the force of growing crystals, provided always that material for growth is 
introduced and available. It was based in the first instance on experimental 
work by Professor Stephen Taber whose subsequent field and experimental 
studies of ice veins are apparently the reason for Chace’s statement that this 
process is operative for ice veinlets in clay in a near-surface environment under 
conditions of light load. The application of this process to the Bendigo veins 
is trenchantly criticized by Chace and though demolished to his own satisfaction 
it still remains, I believe, an effective one. 

Chace regards it as extremely doubtful that the linear force of growing crys- 
tals is sufficient to form fissures of the type commonly associated with hydro- 
thermal veins. My view is that such doubt cannot be entertained in an environ- 
ment where he would have us believe that tensional and other stresses have 
been sufficient to snap the rocks and create open spaces. If the tensional and 
other stresses are sufficient to provide open spaces for the quartz, then the 
stresses plus the linear force of growing crystals, whatever it may be, is more 
than sufficient. At any depth and under any load where tensional stresses can 
create potential tensional openings it is reasonable to assume that “vein growth” 
can operate. No observer would doubt that the tensional forces had operated 
prior to or during vein formation. Crustification, according to Chace, pre- 
cludes the operation of this mechanism, but the same variations of temperature 
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and concentration, that produce crustification in an open cavity, can operate in 
the same way with “vein growth.” Further, the crusts of ankerite that are at- 
tached to films of carbonaceous laminae or unreplaced residues are not satis 
factorily explained by a conception of open spaces. I am unaware that it is 
necessary to postulate lateral secretion when the force of growing crystals is 
invoked as a mechanism of vein growth. It surely depends on the channel of 
supply. If the channelway is a porous bed, the development of veins in that 
particular bed is possible for hydrothermal solutions as for any other type of 
solutions. Normally for hydrothermal solutions the channelways are the frac- 
tures‘associated with faults and the supply of material for “vein growth” must 
be provided in this way. Chace’s conclusion that the linear force of growing 





Fic. 1. (Upper) Pattern of veins developed after three months in the exposed 
portion of a porous pot, inverted and immersed in a saturated solution of copper 
sulphate. 

Fic. 2. (Lower) Pattern of veins in a stope about 28 feet wide on the Vic- 
tory spurs at the 1235 feet level, Carlisle mine, Bendigo. 


crystals does not appear to be even a possible explanation of the vein openings at 
Bendigo or to aid in any way in deciphering the origin of laminated quartz is 
thus, in my opinion, an erroneous one. 

When the objections to the process of “vein growth” are removed, it re- 
mains as a process that can be readily blended with the replacement process to 
produce a mechanism whereby the formation of any Bendigo vein can be en- 
visaged. The replacement of any bed or of any fragment can be pictured with 
deposition of quartz and the widening of the quartz by “vein growth.” Rem- 
nants of replaced beds or unsupported, partially replaced inclusions within a 
saddle reef or spur are readily explained, irrespective of their size. The pos- 
sibility of open spaces are not, of necessity, excluded but can be reduced to one 
of minor importance. 
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I have previously pointed out that this conception will explain the localiza- 
tion of gold in leg reefs. Auriferous solutions that percolate through the re- 
sidues of a replaced bed of slate tend to be depleted of their gold content and 
the depleted solutions may pass on through further fractures to crystallize out 
as low-grade quartz. The point of entry of the auriferous solutions into the reef 
channel is thus a factor in the location of a gold shoot and the volume of solution 
that enters a reef channel at a particular point becomes a factor in the richness 
of the gold shoot so developed. The explanation is applicable to saddle reefs 
and spurs and all locations where gold is found in close association with the re- 
placement residues. It does not imply that all the gold shall be precipitated by 
the carbonaceous matter. The occurrence of rare gold crystals in vugs indi- 
cates that such crystals must have crystallized out like the quartz crystals by 
supersaturation following upon decreasing temperature. The most striking ex- 
ample ° of this is a specimen of a small stalactite of gold that protrudes into a 
vug and was the only particle of gold observed in a broken crushing of unpay- 
able quartz. Deposition of gold by this method is still another factor in the 
formation of gold shoots. Views may differ on the importance of this factor 
which involves a progressive enrichment of gold in the final solutions and, 
maybe, my earlier estimate of its relative unimportance, based on the rarity of 
gold crystals in vugs at Bendigo, should be modified. 

I think it pertinent to add that I find that students readily appreciate the 
realism that appears in a comparison of the vein pattern of artificial veins (Fig. 
1) with the vein pattern in a Bendigo stope (Fig. 2). Figure 1 is a drawing 
of the artificial veins that have been previously illustrated in Economic Geology 
vol. 17, no. 1, p. 52,1922. The larger veins developed first and, as they grew in 
width and lengthened themselves, the narrow connecting veins appeared. Fig- 
ure 2 is a sketch taken from a photograph of quartz veins over a width of 28 
feet in a stope on spurs at the 1235-foot level of the Carlisle mine at Bendigo. 
The scale of the drawing of Figure 1 is about 160 times greater than that of 
Figure 2, but this is insignificant because the form of quartz veins in large ore 
bodies can be repeated in a hand specimen and even in a microscope slide. 


FRANK L, STILLWELL. 
GEoLoGy DEPARTMENT, 
UNIVERSITY OF MELBOURNE, 
MELBOURNE, AUSTRALIA, 
April 20, 1050. 


ORIGIN OF THE “EPITHERMAL” MINERAL DEPOSITS. 


Sir: The above paper by Harrison Schmitt’ is of interest to the under- 
signed for several reasons, one of which is that a low temperature stage of 
mineralization has been detected in the area of the Canadian Shield, and the 
author’s statements and conclusions are much at variance with ours. We plan 


4 Stillwell, F. L., The factors influencing gold deposition in the Bendigo goldfield: Common- 
wealth of Australia Advisory Council of Science and Industry Bull. 16, p. 28, 1919. 

5 Stillwell, F. L., op. cit., pl. V, Figure 2. 

1 Econ. Grot., vol. 45, pp. 191-200, 1950. 





rocks). 








702 DISCUSSIONS. 


to publish our temperature-pressure measurements and calculations soon, and 
it would be fruitless to argue each point of departure. However, one state- 
ment contained in the above paper begs some comment. 

The author states (p. 195) that “Geophysicists insist that there is no known 
force capable of raising liquid water from a deep-seated magma to the surface 
of the earth.” This seems to us to be ridiculous, and equivalent to saying that 
the force of gravity does not operate under the surface of the earth. On the 
basis of potential energy relations, gravity would be sufficient to raise liquid 
water to the surface of the earth. 

If a reservoir of liquid (density = 1) were at a depth of h cm and under 
the rock load pressure, that pressure would be approximately 2.7 h gm/cm’. 
If a stand-pipe were connected to the reservoir, the liquid would stand above 
SURFACE = 
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the surface to a height of 1.7 h cm above the ground. Geologically, this pic- 
ture has little meaning, since hydrothermal water reaching the surface is very 
nearly at one atmosphere pressure as it emerges from the vent. However, it 
is not difficult to imagine a deeply buried source of liquid and a near-surface 
porous body that impedes the flow. 

The concept may be readily visualized by means of a model (Fig. 1). A 
reservoir of liquid under a rock load is connected by means of a free conduit 
and a porous plug with the surface as shown. The pressure at point a is 2.7 


h, gm/cm? (the depth h, in centimeters multiplied by the density of crustal 
The pressure at b is equal to that at a. At c the pressure is 2.2 h,, 
being the pressure at b less the hydrostatic pressure difference between b and c 
(2.7 h, — 0.5 h,), while the rock load at ¢ is 1.35 h, (0.5 X 2.7 h,). There- 
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fore at c the pressure of the liquid is 0.85 h, above the rock load pressure at 
that depth. Being in excess of the rock load pressure, it is capable of keeping 
the conduit open by forcing the walls apart. 

The vertical pressure gradient within the porous body is 4.4 gm/cm*/cm 
(pressure drop of 2.2 h, gm/cm* over a distance of 0.5 h,) while the rock load 
gradient is 2.7 gm/cm?/cm. Therefore, the vertical pressure gradient of the 
liquid within the porous body is 1.63 times greater than the corresponding 
rock load gradient. 

It will be evident that, by the above mechanism, work is done on the fluid 
expressed upward. This would appear as heat, principally in the liquid dur- 
ing its flow through the porous body. 

The model may be converted into geological symbols by imagining the 
reservoir to be a body of rock containing interstitial aqueous fluid (an igneous 
magma, or a hydrous sedimentary rock being regionally metamorphosed). 
The conduit may be imagined to be a major fault, and the porous body, a zone 
of minor fracturing in which the fluid disperses. The gravity filter pressing 
mechanism then is sufficient to force the interstitial hydrothermal liquid from 
the source to the surface. 

Due to the effects of viscosity and turbulence, the pressure at any point in 
the line of flow of the liquid will approach that of the rock at the same depth, 
so that the ideal pressure distribution described above is only one extreme 
possibility. However, the vertical pressure gradient in the zone of dispersion 
would be greater than the rock load gradient. 

There is experimental evidence that the vertical pressure gradient during 
hydrothermal mineralization may be greater than the rock load gradient. The 
data of liquid inclusions was used to determine that the vertical pressure gradi- 
ent during a late stage of mineralization in the Porcupine, Kirkland Lake, 
Larder Lake, and Bourlamaque mining camps was approximately twice the 
petrostatic gradient.” 

In conclusion, we contend that gravity acting on crustal rocks is a sufficient 
force for raising hydrothermal liquids from depth. 

F. G. Smitu anv A. D. MutcuH. 

GEOCHEMICAL LABORATORY, 

University oF Toronto, 
Toronto, CANADA, 
June 20, 1950. 


2 Smith, F. G., A method for determining the direction of flow of hydrothermal solutions: 
Econ. Gerot., vol. 45, pp. 62-69, 1950. Smith, F. G., Gold deposition temperature-pressure 
gradients in the Ontario-Quebec mining region: Canadian Inst. Min. Metallurgy Bull. (in press), 
1950. 
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Economic Mineral Deposits, 2nd Edit. By ALAn M. Bateman. Pp. xi+ 916; 
figs. 302; thls. 25. John Wiley and Sons, New York, 1950. Price, $7.50. 





The eight years that have elapsed since Dr. Bateman’s book first appeared have 
been a period of swift development in economic geology. Intensive investigation 
and exploitation of mineral resources in many parts of the world have altered the 
patterns of mineral utilization and the economics of the mineral industries and have 
brought much progress in prospecting, exploration, and development. New infor- 
mation and ideas regarding mineral deposits have poured forth in a swelling tide. 
The first edition of Economic Mineral Deposits preceded the bulk of these develop- 
ments, and the appearance of a revised edition of this excellent work is therefore 
particularly welcome. 

The preparation of a textbook on the unwieldy subject of economic geology and 
its periodic revision are a formidable undertaking. The author is again to be 
congratulated on his notable success in accomplishing this task. He has brought 
forth an up-to-date revision of a soundly conceived and authoritative book, in the 
reviewer’s opinion the best written and by all odds the most balanced work in its 
field. The student who masters its contents will be well grounded in current con- 
cepts of economic geology and will be aware of the increasingly important role of 
minerals in human affairs. He will also feel that economic geology is a living sci- 
ence and an art, and not a mere cataloguing of the features of mineral deposits. 

Revision has been thorough; it ranges from complete reorganization and re- 
writing of certain sections to modernization of figures for production and reserves 
and for grades and yields of ores. Some chapters are basically unchanged, but all 
bear witness to the author’s efforts to bring them abreast of war and postwar devel- 
opments. The tripartite organization of the first edition has been retained. Part I 
deals with Principles and Processes of Mineral Deposition, Part II with Metallic 
Mineral Deposits, and Part III with Nonmetallic Mineral Deposits. As the author 
points out in his preface, important changes have been made in Part I, whereas 
revision of Parts II and III is chiefly aimed at giving currency to the subject matter. 
The temptation to revise by expansion has been firmly resisted ; the 28-page increase 
over the first edition is due largely to welcome additions to the lists of references. 

As the readers of this review will in general be well acquainted with the first 
edition of the book, a chapter-by-chapter discussion is scarcely necessary. The 
present remarks are confined largely to those sections having the more important 
revisions. 

Chapter III, Materials of Mineral Deposits and Their Formation, discusses the 
ores and valuable nonmetallic substances, the physico-chemical principles of min- 
eral deposition, and geologic thermometry. In the new edition, metasomatic re- 
placement is further emphasized, the table of geologic thermometers is enlarged, 
and the discussion of thermometry is expanded to include recent work on liquid 
inclusions in minerals. The additions are all pertinent; at the risk of undue en- 
largement of the chapter a few more could perhaps be made. Specifically, the in- 


704 








el- 





REVIEWS. 705 


creasing role of beneficiation in the nonmetallic mineral industries might be stressed, 
and the discussion of geologic thermometry expanded to indicate more fully the 
serious limitations on the use of various geologic thermometers. The author’s con- 
tinued acceptance of the work of Wright and Larsen on alpha and beta quartz must 
be questioned in the light of the findings of Frondel. 

Chapter 4, on Magmas, Rocks, and Mineral Deposits, discusses the principles 
of crystallization and differentiation of magmas and current theories of the deriva- 
tion of hydrothermal solutions. Few changes have been made in this well written 
discussion. As in the first edition, the viewpoint is that of the “magmatist,” and 
students of granitization probably will object that its relations to mineral deposition 
are ignored. The discussion of Sullivan’s recent article on ore and granitization 
suggests, however, that there is some advantage in postponing treatment of the 
subject in textbooks until the relations are better established. 

Chapter 5, Processes of Formation of Mineral Deposits, is not only the longest 
and most important single chapter of the book, but also the one most changed in 
the new edition. The eleven major groups of processes recognized in the first edi- 
tion have been reduced to nine. Cavity filling and replacement are made subdivi- 
sions of a single group, hydrothermal processes, and prefaced by a general discus- 
sion of the principles and processes of hydrothermal mineralization. The sections 
on mechanical and residual concentration have been combined into a single section 
and prefaced by a general discussion of weathering processes. The section on 
sedimentation has been rewritten. 

The section on magmatic concentration again presents the author’s classification 
of magmatic deposits. The classification is orderly and eminently logical in terms 
of commonly accepted concepts of the behavior of igneous magmas. Unhappily, 
many magmatic deposits still defy classification. Clearcut examples of early mag- 
matic injections, residual liquid segregations, and residual liquid injections are still 
to be found, and others may share the reviewer’s doubts as to whether Insizwa actu- 
ally is a case of immiscible liquid segregation. On the other hand, recent work by 
Thayer, Guild, and Maxwell suggests that certain chromite deposits are satisfactory 
illustrations of early magmatic segregation. 

The author has modified his treatment of contact metamorphic and related phe- 
nomena. “Contact metamorphism” as used in the present edition is equivalent to 
the “thermal metamorphism” of Harker. Deposits containing notable accessions 
from magma are designated as “contact metasomatic.” Lindgren’s term “pyro- 
metasomatism” is not used because it includes deposits remote from igneous con- 
tacts. The author’s definitions will not please those who use “contact metamor- 
phism” to cover both thermal and metasomatic effects, but there is precedent for it. 
The objection to Lindgren’s term is subject to argument, for no sharp line can be 
drawn between contact metasomatic deposits formed in calcareous rocks directly at 
contacts and hypothermal deposits found in calcareous rocks remote from contacts. 
The chapter concludes with a list of examples of contact metasomatic deposits of 
various minerals and metals. The list is excellent for the most part. The graphite 
deposits of Clay County, Alabama, and Madagascar, however, do not belong in this 
category. Corundum, which is important at Peekskill and Chester oniy as a con- 
stituent of emery, could be omitted. 

The new discussion of hydrothermal processes is lucid, well-balanced, and a 
valuable addition to the sections devoted to epigenetic deposits. The reviewer has 
but two comments to make. One concerns the discussion of mineral paragenesis. 
It would seem worthwhile to emphasize the paradox offered by the order and loci 
of deposition of ore minerals as against their relative solubilities. We still do not 
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know why some of the least soluble sulphides and sulphosalts are in general de- 
posited latest in the mineral sequence, and why highly insoluble minerals like cin- 
nabar and argentite not only are late in the paragenetic sequence but occur in de- 
posits relatively remote from the presumed sources of mineralizing solutions. Few 
are prepared to accept the hypothesis recently offered by J. S. Brown, but the 
anomaly to which it was addressed is a real one. The other comment concerns the 
section on replacement. The author emphasizes volume-for-volume exchange, and 
regards metasomatism and replacement as essentially synonymous. Geologists fa- 
miliar with deposits such as those of the Mississippi Valley may feel that the em- 
phasis on volume-for-volume replacement is carried too far. As to the reactions 
involved, the author is undoubtedly right in stating that metasomatism cannot be 
expressed by simple chemical equations. The recent work of Ridge, however, de- 
serves mention as indicating that the process need not operate in defiance of the 
ordinary laws of chemistry. 

Sedimentary deposits, as defined by the author, include most of the products of 
chemical precipitation and ordinary mechanical sedimentation. Evaporites are 
placed in a separate category. Mechanical concentrations are limited to placers and 
discussed with residual concentrations. This scheme is unorthodox, but the author 
has achieved a clear, orderly presentation. The subchapter on sedimentation is 
greatly improved in its present form. 

The Metamorphic Deposits are again the least satisfactory of the genetic groups 
of deposits recognized by the author. Deposits of asbestos, talc, graphite, soap- 
stone, pyrophyllite, andalusite-group minerals, dumortierite, and garnet are dis- 
cussed under this heading. Talc, soapstone, pyrophyllite, most if not all commer- 
cial deposits of andalusite, and the only commercial deposit of dumortierite, are 
hydrothermal deposits and should be so classified. Certainly for andalusite, du- 
mortierite, and pyrophyllite, and for some talc deposits, the author’s statement that 
constituents other than water and carbon dioxide have not been introduced in vol- 
ume is debatable. The deposits occur in metamorphosed rocks, but the agents re- 
sponsible for them are hydrothermal solutions. The followers of Van Hise and 
Leith, it is true, class hydrothermal alteration as metamorphism, but he who adopts 
this classification must logically designate a considerable segment of ordinary hydro- 
thermal ore deposits as metamorphic. The author apparently draws the line be- 
tween hydrothermal and metamorphic deposits on the basis of whether metals have 
been introduced. The place of asbestos deposits in any scheme of classification is 
dubious, but deposits such as those of Salt Creek, Arizona, seem more closely allied 
to contact metasomatism than any other process. With regard to kyanite, the 
author is not entirely consistent. On page 157, the deposits of North Carolina and 
Virginia are listed as hydrothermal replacement deposits. On page 297 kyanite is 
formed by dynamothermal metamorphism, perhaps accompanied by magmatic ema- 
nations, a view that is more in accord with the findings of Stuckey, Dunn, and 
others. 

Chapter 6, Controls of Mineral Localization, has been condensed slightly, but is 
otherwise unchanged. Perusal of this chapter is not entirely pleasing to the non- 
metals geologist, as it is written largely around the metalliferous deposits, but it is 
scarcely the author’s fault that so many of the concepts presented have been devel- 
oped with reference to the ores. The author is to be commended for extending the 
concepts of metallogenetic epochs and provinces to the nonmetals. ‘It seems time, 
however, to abandon the term “metallogenetic” in favor of “mineralogenetic” or 
“minerogenetic”; the older term is hardly appropriate for such provinces as the 
New Mexico-Kansas-Oklahoma potash basin or the diamond and asbestos provinces 
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of Africa. Under the broader term, moreover, such provinces as that of the Mis- 
sissippi Valley could be delineated more accurately. This province is not a lead- 
zinc province, but a lead-zinc-barite-fluorite province that includes not only the 
Wisconsin-Illinois, southeast Missouri, and Tri-State areas but also the barite areas 
of Missouri, the Kentucky-Illinois and Central Kentucky fluorspar districts, and 
perhaps even the Virginia and Tennessee zinc and barite districts. The discoveries 
of commercial deposits of sphalerite in the Kentucky-Illinois fluorspar field in re- 
cent years serve to emphasize the mineralogenetic unity of this broad area. 

Changes in the author’s classification of mineral deposits presented in Chapter 
8 have been mentioned above. The classification has been compared widely with the 
earlier scheme of Lindgren, and the advantages and disadvantages of both have been 
thoroughly discussed. Debate has centered largely on the treatment of hydro- 
thermal deposits. The reviewer has little to add to published comments save a re- 
mark on the tendency in recent years to reevaluate the role of ground water in the 
formation of epigenetic deposits in the shallower zones. 

Part II, dealing with Metallic Mineral Deposits, has been changed to give it 
currency, and on the whole the revision of this admirable systematic discussion of 
metalliferous ores and deposits has been thorough and timely. A few other changes 
should be made. The section on tungsten deposits, for example, needs bringing up 
to date. Nevada no longer accounts for two-thirds of domestic tungsten produc- 
tion. The deposits at Oreana (never important) and Mina have not been worked 
for years, and the Paradise Range deposit was never of much economic significance. 
The deposits of Pine Creek, Virgilina, and Atolia, on the other hand, would seem 
to merit further discussion. 

The author’s broad familiarity with both metallic and nonmetallic mineral de- 
posits is an impressive feature of the book, and the chapters on nonmetallic deposits 
that constitute the major portion of Part III, Nonmetallic Mineral Deposits, bear 
ample evidence of his comprehensive knowledge. An enormous amount of infor- 
mation has been packed into the 159 pages allotted to these substances. In view of 
the complexity of the subject, and the rapidity of developments in the field in the 
past eight years, the errors and omissions noted are few indeed. Perhaps it is well 
to point out certain of these. In the discussion of graphite, the deposits of Sonora 
should be listed, under the author’s revised classification, as contact metamorphic 
rather than contact metasomatic. Contact metamorphic graphite deposits are of 
minor importance in the Ticonderoga district. The role of pegmatites in the de- 
velopment of flake graphite is a matter of some interest that could be explained in 
a discussion less brief than that given. Commercial feldspar is stated to be won 
entirely from pegmatites; the present importance of feldspar obtained by milling 
granitic rocks is not mentioned. In view of wartime investigations of mica de- 
posits, the unqualified statement that commercial mica occurs as irregularly dis- 
tributed books in pegmatites is surprising. 

The organization and presentation of the discussion of Nonmetallic Mineral 
Deposits, as in the first edition, is by use groups. The present reviewer is struck 
anew by the contrast between Part II and Part III. In Part II, the viewpoint is 
that of the geologist, and the approach to the discussion of metalliferous deposits is 
in terms of their composition, occurrence, and origin. Extraction, metallurgy, and 
use are discussed, but the main effort is directed toward giving the student a clear 
picture of the geologic characteristics and occurrence of economic deposits of the 
metals. In Part III the emphasis is on the use of the nonmetallic minerals in in- 
dustry. Ina few chapters, uses, extraction, manufacturing processes, specifications, 
and production statistics are treated virtually to the exclusion of information on 
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geologic occurrence. The chapter on structural and building materials is an ex- 
treme case. Industrial aspects of these materials occupy nearly 18 of the 23 pages 
of the chapter. The remaining few are devoted to geologic characteristics, but the 
descriptions are too condensed to give a clear picture of the geologic problems 
involved. 

This mode of treatment is defended by the author on the grounds that the im- 
portance of specifications in the nonmetallic mineral industries requires such treat- 
ment, that nonmetallic deposits defy simple classification, many being formed by 
more than one process, and that whereas with ores one of the chief features is the 
deposit, with the nonmetallics this is often subordinate and interest centers on use- 
fulness. These arguments are of long standing and have a host of stanch sup- 
porters, but the reviewer, from his own experience in teaching and in work on non- 
metallics, is beginning to doubt their validity. Specifications are important, but so 
long as the primary interest of geologists, workers and students alike, is in geology, 
is it not essential that the main emphasis be on geologic features and problems, not 
on use? The reviewer is finding that the geology student is rare indeed who will 
bear up under the relentless detailing of uses, specifications, and manufacturing 
processes of substances with which he has had no actual experience beyond the 
laboratory. An interest in specifications is vital, but it can be developed only out 
of a geological background, by relating the commercial characteristics of nonmetal- 
lics to geologic characteristics of nonmetallic deposits and the geologic problems 
associated with them. 

The other arguments advanced in favor of treatment by use groups are also less 
convincing to the reviewer than formerly. Are the majority of nonmetallic min- 
erals more difficult to classify than deposits of iron and manganese? Should one 
accept the argument that with ores one of the chief features is the deposit, whereas 
with nonmetallics this is often subordinate and interest centers on usefulness? The 
argument holds for such commodities as building stone and sand and gravel, per- 
haps, but hardly for such items as asbestos, fluorspar, barite, talc, corundum, as- 
bestos, alumina refractories, and the diamond, to name but a part of a possible list, 
supplies of which are furnished to the world from relatively few, outstanding de- 
posits or districts. 

The author has been at pains to eliminate errors and inconsistencies that crept 
into the first edition under the growing pressure of wartime activities. A few re- 
main, but these are only minor blemishes that will be noted, corrected, and then for- 
gotten in appreciation of a highly competent and conscientious work. In the pres- 
ent edition, the author has more than maintained the high standard of excellence 
set in 1942. We are greatly indebted to him for a timely revision of a text that is 
already firmly established as invaluable in the training of economic geologists. 


EuGenE N. CAMERON. 
GroLoGy DEPARTMENT, 
UNIVERSITY OF WISCONSIN, 
MapiIson, WISCONSIN, 
Sept. 3, 1950. 


Selenium, its Geological Occurrence and its Biological Effects in Relation to 
Botany, Chemistry, Agriculture, Nutrition, and Medicine. By Sam F. Tre- 
LEASE AND ORVILLE A. BeatH. Pp. x + 292; figs. 61; tbls. 43. Published by 
the authors, Box 42, Schermerhorn Hall, Columbia University, New York 27, 
1949, Price, $5.50. 
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This study, by a team of two highly competent scientists with mutually supple- 
menting backgrounds, is a treatise on selenium fully as broad as its subtitles suggest. 
It presents a description of those plants in the Rocky Mountain piedmont and the 
mountains themselves which can absorb selenium and tend to retain it, listing also 
the inactive but related plants. There follows a section devoted to the rock forma- 
tions that are prominent sources of selenium in the westerly states. The physiology 
of selenium accumulation in plants is next described; then the effect of selenium 
poisoning on animals, including the gross pathology, is outlined and adjacent sec- 
tions present the treatment and desirable public health measures. The book closes 
with a 20-page section on the chemistry, biochemistry, and uses of the element, well 
summarized, and with a full bibliography. The volume thus lives up very well 
indeed to the promise of its title and is of genuine value, not only to agriculturists, 
nutritionists and medical men, but also to the workers in the “pure” sciences of 
botany, geology and chemistry as well. 

Selenium is present in the soil of parts of several westerly Mississippi Valley 
and Rocky Mountain states, producing live-stock deaths valued at millions of dol- 
lars. The characteristic affliction was known as early as the travels of Marco Polo 
(1295 A.D.) and was recognized in Nebraska and well described by Dr. T. C. 
Madison, an army surgeon, in 1860. The true cause of the illness, sometimes con- 
fused with a disease resulting from organic poisoning by the “loco weed” and 
related plants (chiefly certain species of Astragalus), was explained through the 
careful work of several collaborating agencies, conspicuous among which were the 
Wyoming Agricultural Experiment Station, the South Dakota Agricultural College 
and Experiment Station, the Nebraska Agricultural Experiment Station and the 
U. S. Bureau of Chemistry. 

Certain native plants always contain selenium when collected on seleniferous 
soils. Most conspicuous among these are the vetches (Astragalus), the woody 
aster (Xylorrhiza), the goldenweed (Oonopsis ), and the prince’s plume (Stanleya). 
These characterize certain geologic formations, and their presence and high sele- 
nium content serve as aids in mapping seleniferous areas; as the authors put it, “The 
selenium content of a given indicator plant collected on a certain soil gives a quanti- 
tative index of the capacity of this soil to produce toxic vegetation.” 

To geologists, the section on the geologic distribution of selenium will be of 
special interest. It has been developed with care and thoughtfulness. The most 
seleniferous formations in the states of the Great Plains and farther west are the 
Pennsylvanian Paradox; the Permian Phosphoria and Cutler; the Triassic Chinle 
and Moenkopi; the Jurassic Wingate, Kayenta, and especially the Salt Wash sand- 
stone of the Morrison; almost the entire Cretaceous of the interior states from the 
Niobrara upward, especially the Niobrara itself, the Pierre, and the Steele; and a 
few localized Cenozoic formations. In the soils developed from these units, those 
plants that are selectively “selenophilic,” containing 10 or more parts per million 
of selenium and therefore toxic, are prone to grow. Supporting data are presented 
in scrupulously scientific and accurate manner. These are preceded by a very clear 
discussion of the process of selenium concentration during soil development. 

A second phase of this presentation, of peculiar interest to economic geologists, 
is the obviously selective way in which certain plants extract and retain the selenium 
that is available, while others, though growing in much the same locality and en- 
vironment, have neither the capacity to retain the selenium nor yet even that of 
extracting it from the soil in the first place. A sharp moral is thus pointed up for 
geochemists who propose to employ phytochemistry as an aid in finding mineral 
deposits rich in a given metal. To make such a method trustworthy, not every plant 
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can be taken. The usable species evidently has first to be known and found. Basic 
to catching the rabbit is recognizing him. 
Cuas. H. Benre, Jr. 
CoLuMBIA UNIVERSITY, 
New York, N. Y. 


Manganese Resources of the Artillery Mountains Region, Mohave County, 
Arizona. By S. G. Lasky anp B. N. Wesser. Pp. 86; pls. 28; figs. 4. U.S. 
Geol. Survey Bull. 961, Washington, D. C., 1949. 


This publication is a model of clear writing and comprehensive illustrations. 

As stated on its title page, the report is “A description of low-grade deposits of 
economic and scientific interest.” The deposits have been rated as the second larg- 
est in the United States, but their future exploitation constitutes a mining, metal- 
lurgical, and economic problem. How this enormous volume of manganiferous 
material happened to be deposited here is also a problem. 

The Artillery Mountains lie in west-central Arizona, 30 miles east of Colorado 
River. For this portion of Arizona, comparatively little detailed geologic infor- 
mation has been available heretofore. 

From the standpoint of manganese mineralization, the most important rocks are 
beds of Tertiary age. A sequence of the Tertiary structural events was admirably 
worked out in spite of the fact that evidence for assigning ages to the various rock 
units is largely indirect. 

The basement rocks consist of granite, gneiss, and schist, provisionally regarded 
as Precambrian. Overlying them are small remnants of limestone, shale, and 
quartzite, all of Paleozoic aspect, which have been brecciated, disturbed, and in part 
metamorphosed. 

Next younger is the lower Eocene (?) Artillery formation, more than 2,500 feet 
thick, consisting of reddish clay, conglomerate, arkose, sandstone, shale, subordinate 
limestone and tuff, and a widespread basalt member. A thrust fault, presumably 
of lower Eocene to Oligocene age, bropght basement and Paleozoic rocks over 
these beds. 

The Artillery formation was deposited in a northwestward-trending valley or 
closed basin which may be a fault valley, perhaps of basin-range type, perhaps 
related to the thrusting. Under the latter interpretation, the Artillery formation 
presumably would have been derived in part from the advancing thrust plate, which 
finally overrode it; this concept, if true, has strong regional significance in relation 
to many of the thick Cenozoic conglomerates of the Southwest. 

The thrust faulting was followed, in Miocene (?) time, by extrusion of rhyolitic 
to andesitic volcanic rocks more than 800 feet thick. 

Later, a closed graben basin was developed within the limits of the earlier Artil- 
lery basin. In early Pliocene (?) time this basin was filled by 1,500 feet or more 
of alluvial-fan and playa beds, termed the Chapin Wash formation, in which occur 
the most important manganese deposits of the area. It was capped by the Cobwebb 
basalt, 250 feet in maximum thickness. 

After considerable erosion and enlargement, the basin during late Pliocene 
(?) received some 2,000 feet of clastic sediments designated as the Sandtrap 
conglomerate. 

At the close of Pliocene or early in Pleistocene, folding occurred. The Tertiary 
beds of the Artillery basin now lie in a shallow composite syncline of northwest- 
ward trend. 
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Basalt flows, 350 feet or more in aggregate thickness, were erupted over the area, 
probably in early Pleistocene. Normal and reverse faults, apparently representing 
renewed movement on ancient breaks of predominant northwest trend, cut the basalt 
and the underlying folded beds along margins of the basin. 

The only manganese deposits that show promise of commercial exploitation are 
bedded deposits in the Chapin Wash formation. Of minor importance are similar 
stratified deposits in the Artillery formation; stratified deposits in the Sandtrap 
conglomerate; faults, fissure zones, and breccia zones in the Artillery formation, 
cemented with manganese oxides and antedating the Chapin Wash formation; and 
supergene vein deposits of oxides, with some related replacement bodies, along the 
latest faults and fissure zones. 

The manganiferous beds of the Chapin Wash formation occur within two zones, 
750 to 1,000 feet apart stratigraphically. 

The lower zone is traceable along the strike for nearly 4 miles. Although as 
much as 350 feet thick, it consists only of widely separated manganiferous lenses 
among thicker and more numerous barren members. Not yet prospected, its possi- 
bilities below the outcrop remain unknown. 

The upper zone as a whole can be traced discontinuously for 6 miles, and con- 
tinuously manganiferous parts of its zone are traceable for as much as 3 miles 
along the strike. As shown by diamond-drill holes, the zone is continuously man- 
ganiferous for at least a mile down the dip, and an average aggregate thickness of 
about 65 feet over an area of about 1,000 acres is indicated. 

It is concluded in the report that the principal manganese deposits in the Chapin 
Wash formation are syngenetic, and the manganese oxides were transported and 
deposited largely by mechanical processes in a playa basin. It is assumed, though 
not with entire satisfaction to the authors of the report, that the main ultimate 
source of the manganese was hot springs; other conceivable sources were adjudged 
inadequate. This assumption perhaps is bolstered by the close association of the 
manganese deposits with volcanic rocks, but it opposes the fact that no evidence of 
hot springs has been found in the district. 

The authors have presented worthy evidence of a syngenetic origin for the Ar- 
tillery manganese, as has been done also for the somewhat similar Three Kids de- 
posit? near Las Vegas, Nev. 

The reviewer would point out that some geologists have lacked enthusiasm for 
the hot spring theory on the following grounds: 

(1) The Artillery deposits occur within a belt of rather intense thrusting, shear- 
ing, tensional fissuring, and normal faulting. Throughout a length of 100 miles, 
between Topock and the Aguila district, this belt contains more manganese deposits 
by far than any other area of similar size in Arizona; most of these deposits occur 
in veins or brecciated zones and are of hypogene aspect. Lasky ? interprets some 
of the vein deposits as representing the deep parts of hot-spring channelways. 

(2) A tremendous aggregate amount of iron occurs in the Tertiary beds of 
Artillery basin. Elsewhere in the aforementioned structural belt, extensive iron 
mineralization is known only at Planet and Swansea, where it is of hypogene 
origin. 


1 Hewett, D. F., and Webber, B. N., Bedded deposits of mamganese oxides near Las Vegas, 
Nev.: Nevada Univ. Bull., vol. 25, no. 6, pp. 5-17, 1931. Hunt, C. B., McKelvey, V. E., and 
Wiese, J. H., The Three Kids Manganese district, Clark County, Nevada: U. S. Geol. Survey 
Bull. 936-L, 1942. 

2 Written communication, July 19, 1950. 
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(3) If hot springs were the ultimate source of the Artillery mineralization, 
they must have flowed in enormous volume from lower Eocene (?) until late 
Pliocene (?) time, depositing little else than manganese and iron. 

If the Artillery deposits are syngenetic, could not their ultimate source have 
been some near-by large ferruginous manganese deposit, the uneroded portions of 
which were subsequently concealed ? 

Up to June, 1941, the upper manganiferous zone had been prospected by 43 
diamond-drill holes and by scattered surface cuts and shallow underground work- 
ings. Fifteen of the holes were drilled by the U. S. Bureau of Mines. On the 
basis of available data, Lasky states that the area probably contains a minimum 
of 200,000,000 tons averaging 3 to 4 percent of manganese, of which about 20,- 
000,000 tons contain 5 percent or more of manganese, and 2,000,000 to 3,000,000 
tons contain 10 percent or more. 

As of 1950, the U. S. Bureau of Mines was continuing research in methods of 
mining and beneficiation of the ores. 

Evprep D. WILson. 

ARIZONA BurREAU OF MINEs, 

UNIVERSITY OF ARIZONA, 
Tucson, ARIz., 
Aug. 2, 1950. 


The Geology of Indonesia. By R. W. VAN BeMMELEN. 3 vols.; pp. 997; figs. 
430; tbls. 180; pls. 41. Martinus Nijhoff, The Hague, 1949. Price, $16.20. 


One hundred years ago the Geological Survey of the Netherland Indies started 
its activities. This three-volume monographic work could well be called a Centen- 
nial volume since it consolidates and brings up to date the geology of the Netherland 
Indies and also the geology of the adjacent archipelagoes, all of which form geo- 
logically a unit with Indonesia. The Dutch have been very progressive in their 
geologic work in the Indies. Many fine papers and monographs have appeared in 
the past and this excellent contribution is.an outstanding example of the high quality 
geological work that has appeared in the past. We wish that it could serve as an 
example to other Asian countries. 

Voiume 1A is divided into 5 parts: (1) Physiography, (2) Stratigraphy, (3) 
Volcanism, (4) Geophysics, (5) Regional Geology. The first part covers the gen- 
eral features and the Sunda, circum-Sunda Archipelago, and the circum-Australian 
Belt. ‘The stratigraphy covers ages from the Silurian on, with of course chief em- 
phasis on the Tertiary. The chapter on Volcanism, present and ancient, is a mono- 
graph in itself. The chapter on Geophysics deals with Earthquakes, Gravimetry, 
and Magnetism, regarding which much has been done in the East Indies. The 
fifth chapter is of course the largest and takes up the geology of the individual areas. 
A sixth chapter treats of the Geological Evolution of the Indian Archipelago. The 
732 pages of this volume include a wealth of geological material. 

Volume 1B contains the colored geological maps of the region, along. with cross- 
sections, figures, literature references and index. 

Volume 2 is entitled Economic Geology and covers all of the metals, minerals, 
and potential economic products of the region. It is divided into 4 parts: (1) Petro- 
leum, gas, coal, and asphalt; (2) ores, including gold, silver, bauxite, nickel, man- 
ganese, monazite, copper, lead-zinc, and tungsten; (3) industrial minerals, chiefly 
phosphate, sulfur, limestone, kaolin, pumice, and diamond; (4) potential minerals 
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of iron, chrome, mercury, antimony, molybdenum, bismuth, mica, jarosite, and alum. 
The coverage of each of these is very complete. One cannot help but be impressed 
with the actual and potential oil possibilities. Among the ores tin, of course, and 
gold stand out. Unfortunately, what is included is more a listing of occurrences 





f and statistics, rather than the geology of the deposits. The base metals are covered 
chiefly by a listing of occurrences and little fundamental geology is included. 
3 } The two descriptive volumes, particularly Volume 1A, certainly cover all that 


has been learned, and this is extensive, of the geology of Indonesia. Every library 
€ shoyld contain a copy. 


ro J 
) ‘An Index of Mineral Species and Varieties, Arranged Chemically. By Max H. 
Hey. Pp. 609. British Museum, London, 1950. Price, £1. 10s. 


f This unusual arrangement of minerals is from a card index arranged originally 
for the British Museum collections and recast for printing. Unlike the customary 
determinative tables for identifying minerals by their physical properties with sec- 
ondary chemical information, this book is a complete index of minerals arranged 
according to their chemical composition. It is intended for use in running down 
minerals with known chemical elements for identification with known minerals. It 
is a researcher’s tool. The list includes all mineral names (except early systematic 

) ones). Its compilation involved much study of mineralogical literature and criti- 

. cism of analyses and formulae in the light of recent X-ray studies. 

/ The first half of the book is the Chemical Index arranged in sections, with deci- 
mal numbering, based upon the commonly accepted division by anions into oxides, 


od sulphides, silicates, phosphates, etc., with sections based upon metals arranged ac- 

n- cording to the periodic table. Cross-indexing is by the decimal numbering of sec- 

id tions and subsections. 

O- The second half of the book is an alphabetical index giving the adopted names 

ir of species and chemically distinct varieties, followed by literature references, and 

in | by synonym names, varieties, group names, color names, etc. 

ty The book is not intended for student use for the determination of minerals but 

an i as a reference and use book for mineralogists and research workers. 

3) A German and English Glossary of Geographical Terms. By Eric FiscuHer 

- AND Francis E. Exriorr. Pp. 118. Am. Geogr. Soc. Library Ser. No. 5, 

my New York, 1950. Price, $3.00. 

m- 

10- This scholarly little dictionary really goes beyond its title. One can find the 

ry, English equivalent of any German geographical term he can think of, and con- 

‘he versely can find the German equivalent of an English term that comes to mind. 

as. { However, it goes well beyond mere geopraphical terms and enters rather broadly 

‘he into geological terms. One notices the German terms for such words as slicken- 
sides, stratified rock, schist, siderite, plane table, kaolin, hired help, epigenetic, or 

Ss- placer mining. Practically all geomorphology terms are included since in German 
’ geomorphology is regarded as an integral part of geography. 

als, The English-German part does not contain all of the terms included in the 

ro- German-English part and terms common to both languages are included, mainly 

an- in the English part. 

afly The book will be very handy and convenient not only for all geographers, but 

-als ) for geologists, astronomers, travellers, and others. 
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BOOKS RECEIVED. 


CHARLES H. SMITH. 


U. S. Geological Survey—Washington, D. C., 1950. 


Bull. 964-B. Mineral Resources of Colombia (Other than Petroleum). 
QuENTIN D. SINGEWALD. Pp. 152; figs. 4; pls.9. Résumé of general geog- 
raphy, geology, and mining laws of Colombia. Summarizes data acquired 
during 1942-45 by F. E. A. on 29 mineral commodities. 


Bull. 965-A. Erosion Studies at Paricutin, State of Michoacan, Mexico. 
KENNETH SEGERSTROM. Pp. 164; pls. 7; figs. 73; tbls. 11. A study of the 
erosion processes now taking place in the Pericutin area; erosion, transpor- 
tation, and redeposition of ash and other studies of the ash mantle. 


Bull. 965-B. Volcanoes of the Paricutin Region, Mexico. Hower, Wi1- 
LIAMS. Pp. 115; pls. 2; figs. 21; tbls. 3. Results of a survey to determine 
the relation of Paricutin to neighboring cones. 


Arizona Zinc and Lead Deposits, Part I. Pp. 144; figs. 45; tbls. 7. Arizona 
Univ. Bull., Vol. 21, No. 2, and Arizona Bur. Mines, Geol. Ser. No. 18, Bull. 
156, Tucson, April 1950. Price, $1.25. Part of a general report on the zinc 
and lead deposits. Includes much new information on eleven mining districts 
in Arizona. 


Illinois Geological Survey—Urbana, 1950. 


Bull. 73. Bedrock Topography of Illinois. LreLANp Horserc. Pp. 111; figs. 
23; pls. 2; tbls.9. A study intended to aid in locating bedrock valleys, evalu- 
ating their aquifers, and determining ground water conditions. 


Bull. 74. Pennsylvania Spores of Illinois and Their Use in Correlation. 
Rosert M. Kosanke. Pp. 128; figs. 7; pls. 18; tbls. 2. An investigation 
to determine the feasibility of correlating Illinois coal beds by means of plant 
spores. New genera and species of spores, and correlations of coal beds, 
described. 


Rept. Inves. 147. Illinois Mineral Industry in 1948. Watter H. VoskutL. 
Pp. 73; figs. 16; tbls. 52. 


Circ. 164. Structures of Herrin (No. 6) Coal Bed in Marion and Fayette 
Counties and Adjacent Parts of Bond, Clinton, Montgomery, Clay, Ef- 
fingham, Washington, Jefferson, and Wayne Counties. RAyMmonp SIEVER. 
Pp. 100; tbl. 1; figs. 2; pls. 2. Seventh of a series of reports delineating 
structure and showing extent of the No. 6 coal bed in southern part of Illi- 
nois coal field. 


Press Bull. Ser. 61. Developments in Illinois and Indiana in 1949. ALrrep 
H. Bett anp R. E. Esarey. Pp. 13; fig. 1; tbls. 10. Ov! and gas. 


Geology and Ground-Water Resources of Rice County, Kansas. O. S. FEenr. 
Pp. 142; pls. 11; figs. 11; tbls. 6. Kansas Univ. Pub. Bull. 85, Lawrence, 1950. 


Status of Fearn Springs Formation. Frepreric F. Mecten. Pp. 20; figs. 9. 
Mississippi Geol. Survey Bull. 69, University, 1950. Summary of stratigraphic 
and economic work on Wilcox sediments and an approach to their subdivision 
and correlation. 
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A Survey of Weathering Processes and Products. Parry Reicue. Pp. 95; figs. 
5. New Mexico Univ. Pub. No. 3, Albuquerque, 1950. Price, $1.00. An ex- 
cellent discussion in simple terms of weathering processes, soil formation, later- 
ites, and bauxite formation, 


New York State Department of Conservation—Albany, 1950. 


Bull. GW-21. The Ground-Water Resources of Rensselaer County, New 
York. R. V. CusHMAn. Pp. 56; pls. 3; figs. 4; thls. 8. Geography, geol- 
ogy, and ground water resources described. 

Bull. GW-23. The Ground-Water Resources of Montgomery County, New 
York. Russett M. Jerrorps. Pp. 63; pls. 2; figs. 11; tbls. 11. Geography, 
geology, and ground water resources. 


Review of the Estonian Oil Shale Industry, With a Brief Account of Oil Shale 
Development in the United States. Prter O. Krumin. Pp. 125; figs. 42; 
tbls. 53. Ohio Univ. Studies Engineering Series, Vol. 18, No. 6, Columbus, 
1949. Price, $1.00. A summary of information obtained from technical papers 
published in different countries, and other sources. 

The Crooksville Area Flood of June 16~-17—1950, A Preliminary Report. Wzu1- 
LIAM P. Cross. Pp. 12; tbls. 4; pls. 7. Ohio Dept. of Nat. Res., Columbus, 
1950. Summarizes data on rainfall, peak discharge, and flood damage. 

Glazes from Oregon Volcanic Glass. CHArLEs W. F. JAcoss. Pp. 16. Oregon 
Dept. Geol. and Min. Ind. Short Pap. 20, Oregon, 1950. Price, 20 cents. De- 
scribes experiments to develop the use of Oregon material to produce a low-cost 
flux for commercial use. 

Geology of the Coastal Plain of North Carolina. Horace G. RicHarps. Pp. 
83; figs. 76; tbls. 10. Amer. Philos. Soc. Trans., New Ser., Vol. 40, Pt. 1, Phila- 
delphia, 1950. Price, $1.50. Covers all formations from Cretaceous to Recent. 
Economic geology described. 

Annotated Bibliography on Sedimentation. Pp. 351. Prepared under super- 


vision of Soil Conservation Service, U. S. Dept. Agriculture. Sediment. Bull. 
2, Washington, D. C., 1950. Price, $1.25. 


The Oil Producing Industry in Your State. Pp. 61; tbls. 3; charts 6. Inde- 
pendent Petrol. Assoc. of America, Tulsa, Okla., 1950. Statistics on oil indus- 
try, by state. 

Bibliography of Seismology, No. 6, Items 7132-7221, July-December 1949. 
W. G. Mitne. Pp. 11. Canada Dept. Mines, Vol. 14, Ottawa, 1950. Price, 
25 cents. 

Ontario Department of Mines—Toronto, 1950. 

Map No. 1950-1. Township of Echo, Kenora District. Scale, 1” = 1000 ft. 


Map No. 1949-3. Township of Skead, Timiskaming District. Scale, 1” 
= 1,000 tt. 


58th Annual Report, Vol. 58, Part I, 1949. Pp. 90; thls 7. General statistics. 
Geology of Quebec, Vol. III, Economic Geology. Joun A. Dresser Anp T. C. 
Denis. Pp. 562; thls. 9; figs. 79; pis. 5. Quebec Dept. Mines Geol. Rept. 20, 
Quebec, 1949. Price, $1.50. A valuable volume containing a wealth of infor- 
mation on the economic geology of Quebec. In the first and main section of 
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volume, the principal gold, with some associated base-metal, deposits are dis- 
cussed, grouped for description according to their regional occurrence. Then 
follows a chapter dealing with base metals, arranged in alphabetical order. The 
final chapters are devoted to nonmetallics. 

The Polar Record, Vol. 5, No. 40. Pp. 131; numerous figures and photos. 
Scott Polar Research Inst., Cambridge, England, 1950. Price, 50 cents. 


Australia Bureau of Mineral Resources—Victoria, 1949-1950. 
Economic Notes and Statistics, Vol. 2, No. 4. Pp. 39; numerous tables. 


Bull. 16. A Geological Reconnaissance of the Katherine-Darwin Region, 
Northern Territory, With Notes on the Mineral Deposits. L. C. 
Noakes. Pp. 54; pls. 13; tbls. 2. Covers 27,000 sq. miles in Northern 
Australia. Geological map compiled, stratigraphy and economic geology 
summarized. 

Bull. 17. The Opal Industry in Australia. I. C. H. Crott. Pp. 47; tbls. 3; 
figs. 3; 2 appendices. Deals with occurrence, production, and marketing of 
opal. 

Report of the Geological Survey Department for 1949. F. W. Ror. Pp. 106; 
tbls. 25; map 1. Kuching, British Borneo, 1950. Price, $2.00. First report 
issued by the newly-formed Geological Survey. Contains a summary of the 
geology and mineral resources of Sarawak, Brunei, and North Borneo. 


Report on the Geological Survey Department for 1949. Pp. 40; figs. 5. 
Georgetown, British Guiana, 1950. Price, $1.00. Includes 3 reports—on the 
Kurupung and Meamu diamond field; on the Baramita gold mine; on columbite 
and related minerals in British Guiana. 


Annales Géologiques de la Péninsule Balkanique, Tome 18. Pp. 270; nu- 
merous plates and figures; French résumés. Belgrad, 1950. Geologic annals 
of the Balkan peninsula. Numerous papers on geology, paleontology, miner- 
alogy, petrography, and seismology. 
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SCIENTIFIC NOTES AND NEWS 


Artuur J. Buarr has retired as chief geologist with Tennessee Coal, Iron & 
Railroad Co.,, Birmingham, and has opened his office as a consulting and mining 
geologist, 620 First National Bldg., Birmingham. 


A. W. EDELEN retired as assistant general manager, mining department, Ameri- 
can Smelting & Refining Co., Mexico City. He will continue as a consultant and 
may be reached at San Juan de Letran No. 11, Mexico, D. F., c/o Cia. Minera del 
Mexcala. 


Cuarves E. Stott, Deputy Director of the Marshall Plan’s Strategic Materials 
Division, succeeded C. H. Burcess as director on September 29. Mr. Burgess, 
who served as director since November 1949, resigned to become treasurer of the 
United Electric Coal Companies of Chicago. Mr. Stott has been with the Strategic 
Materials Division since February 1949. ECA’s Strategic Materials Division as- 
sists in building up the U. S. stockpile by direct purchase of strategic metals, min- 
erals and other material from Marshall Plan countries and endeavors through ECA 
financing to increase metal production and development of new sources of strategic 
materials in the overseas territories of the participating countries. 


The 117th Meeting of the American Association for the Advancement of Sci- 
ence will be held in Cleveland, December 26-30, 1950. There will be twelve ses- 
sions on geology and geography, including such subjects as general geology, general 
geography, oil geology and stratigraphy, “Earth Science for Non-professionals” ; 
a three-session symposium of the section on Agricultural Science will be held in 
conjunction with the geology and geography section on “Soil Science and Its Rela- 
tions to Geology and Geography.” The Annual Science Exposition, in the Arena 
of Cleveland’s Public Auditorium, will comprise The American Museum of Atomic 
Energy where a model of an Atomic Pile will be exhibited. 


Cart ZApFFE, well-known geologist, died in Brainerd, Minnesota, on August 
28, 1950. 


A Geological Committee in the Science Council of Japan has just been created. 
The Science Council of Japan was established by law in January 1949 to replace the 
former National Research Council. Its purpose is the utilization of science through- 
out Japan to the peaceful rehabilitation of the country, international relations in 
science, and the establishment of cooperative relations with scientific societies of 
other countries. The Geological Committee will endeavor to coordinate and repre- 
sent geological activities and interests both within Japan and in their international 
aspects. This Committee, in collaboration with the Paleontological Committee, in- 
tends also to continue the publication of the Japanese Journal of Geology and 
Geography. The Committee asks for aid in making the efforts of the Committee 
effective, especially in international matters in making contributions to the advance- 
ment of geology. The Chairman of the Geological Committee is Shukusuke Kozu. 


A. Novitzky, Pension Julian, Laprida 1053, San Juan, Argentina, has just pub- 
lished a Technical Dictionary (mining, metallurgy, geology, mineralogy, and drill- 
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ing) in 5 languages, containing 18,000 terms in English translated into Spanish, 
French, German, and Russian. 


Geologists are needed for British Colonial Geological Surveys under the technical 
assistance program of the Economic Cooperation Administration—U. S. Geological 
Survey. A minimum of 5 years’ post-hachelor experience is required. The follow- 
ing geologic positions are open: Nigeria, 1 senior geologist for work on mineral 
deposits (GS-13) ; 2 geologists for work on mineral deposits (GS-11 or GS-12) ; 
Gold Coast, 1 senior geologist for work on mineral deposits or areal mapping 
(GS-13); 1 geologist for work on mineral deposits or areal geology (GS-11 or 
GS-12); Sierra Leone, 1 geologist for work on mineral deposits or areal geology 
(GS-11 or GS-12); Tanganyika, 2 ground water geologists (GS-11 or GS-12) ; 
North Borneo and Sarawak, 1 geologist for work on fuels and paleontology (GS-11 
or GS-12); 1 geologist for work on mineral deposits and petrology (GS-11 or 
GS-12). There are a number of openings for various grades of Topographic 
Engineers. For further information, write to Chief, Alaskan and Foreign Geology, 
U. S. Geological Survey, Washington 25, D. C. 








